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Preface 


Geology and Man is designed for a one-term 
course which may be both a beginning and a terminal course in 
Geology. This edition contains four chapters on Historical Geology 
of which three: The Study of Earth History, The History of Life 
on Earth, and The Geologic Story of the Earth were written by 
Professor Russell C. Hussey. The chapters on Historical Geology are 
not included in the briefer Physical Geology and Man, an edition 
intended for use during the first term of a two-term course in 
Physical and Historical Geology. The authors have attempted par¬ 
ticularly to emphasize the effects that geologic processes, acting both 
in the past and in the present, have had upon mankind. Therefore, 
this book includes not only a study of the geology of various mineral 
resources and an analysis of physiography’s controlling influence on 
man’s activities, but it also provides longer than usual accounts of 
the effects of such catastrophic geologic agents as floods, hurricanes, 
volcanic explosions, and earthquakes. 

A logical, though rather unorthodox procedure, 
is the inclusion of a separate chapter, Direct Action of Gravity, 
which describes and analyzes the various kinds of mass movements 
and topographic features produced mainly by gravity. Ordinarily, 
books on geology cover this topic in a chapter on ground water, 
even though ground water had little or nothing to do with their 
origin or development. 

Little attempt has been made to give students 
an acquaintanceship with minerals by means of the written word, 
because these fundamental units in the architecture of the earth’s 
crust must be seen and handled. ,Jftno provision is made for labora¬ 
tory exercises or field work, th£ instructor should at least provide 
specimens of the common rock-forming minerals and of the most 
abundant ore-minerals, and n ‘call the stydents* attention to the 
diagnostic properties of each. 

During the period that this book has been in 
preparation (several years), many people have given generously of 
their time to read the manuscript critically or to locate suitable illufr 
trations. To each of the following: the late Kate Stevens, Jane 
Plummer, R. C. Moore, R. M. Dreyer, W. H. Schoewe, H. T. U. 
Smith, J. Hoover Mackin, Kirk Bryan, J. T. Wilson, M. W. Senstius. 
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Preface 


Claude Hibbard, T, S. Lovering, A. J. Eardley, Helen Foster, G. M. 
Stanley, and N. E. A. Hinds, and especially to Susan Beach Landes, 
we owe much for helpful criticism and suggestions. An acknowledg¬ 
ment is made with each illustration, but in addition to these terse 
credit lines we wish to recognize here the highly valuable contribu¬ 
tion of each donor. An unusual number of excellent photographs 
were given by M. V. Denny of the Department of Mineralogy, Uni¬ 
versity of Michigan, and by the Union Pacific Railroad. John Jesse 
Hayes not only made the drawings but also served as illustrations 
editor for the entire text. 

Kenneth K. Landes 

Russell C. Hussey 
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PART ONE 


Introduction 




CHAPTER l 


The Science of Geology 


The literal definition of geology is 
“earth science.” It is a history of the earth and of its plant and animal 
life. It includes a study of all earth materials and the forces and 
processes which have affected them during the long course of earth 
history. 

Relationship between geology and other sciences. The 
division of knowledge into separate subjects is largely an arbitrary 
procedure, for there are no fixed boundaries between the various 
fields of thought. Geology merges in various directions with other 
sciences. The origin of the earth, for example, is a phase of geological 
study, but the origin of the various members of the solar system, 
which includes the earth, lies in the field of astronomy. The materials 
composing the earth are chemical elements and compounds, and the 
science of inorganic chemistry had its beginnings in the study of the 
composition of minerals. The geological forces acting within, and at 
the surface of, the earth follow physical laws, and the analysis of the 
mechanics of these processes overlaps the field of physics. The study 
of the past inhabitants of the earth is a branch both of biology and 
geology. The study of man and his epoch of earth history is carried 
on by geologists, anthropologists, and ethnologists, and the final 
chapter in the geological past includes subject matter considered in 
the field of human history. The geologist engaged in the exploita¬ 
tion of mineral deposits finds that the laws of economics determine 
whether or not the deposits are of commercial value. 

Divisions of geology. Geology, like the other sciences, 
has been divided into various fields, and most geologists are special¬ 
ists in one or more subdivisions. The physical geologist, or physiog¬ 
rapher, investigates the work done on or near the surface of the 
earth by wind, water, ice, and other agents. The rocks of the earth’s 
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crust are examined by petrographers; the minerals within the rocks 
by mineralogists. The study of the origin and early stages of the 
earth, and of the relationship between the earth and the rest of the 
solar system, is the work of the cosmogonist. Earth history since the 
beginning of the rock record is studied by the stratigrapher, a spe¬ 
cialist in deciphering the record, and by the paleontologist, who 
traces the evolution of life upon the earth by means of fossils buried 
in the rocks. The application of geology to the search for valuable 
minerals, and to other practical activities, is the field of the economic 
geologist. 

History of geology. The history of geology, like that 
of other branches of learning, deals mainly with contributions made 
to the science by various individuals through the centuries, and also 
with controversial questions about which thinkers argued vehe¬ 
mently, in some cases for decades, before the weight of evidence 
caused the general acceptance of one idea and the abandonment of 
opposing views. 

The older philosophers were “catastrophists,” believing that such 
land forms as canyons were formed by a sudden yawning apart of 
the earth’s crust. This method of reasoning was quite natural, for 
the early thinkers lived in the Mediterranean area where two catas¬ 
trophic geologic phenomena, earthquakes and volcanoes, were well 
known. 

Modem geologists subscribe to the doctrine of “uniformitarian- 
ism.” According to this belief, the geologic agents now in operation, 
such as rivers, winds, and ocean waves, have been active in the past 
and have been mainly responsible for the sculpturing of our present 
topography. The acceptance of this doctrine necessitated a great 
increase in our concept of the length of geologic time, which subse¬ 
quently was verified by determinations of the age of certain minerals 
through methods recently developed. 

Although the doctrine of uniformitarianism is now generally ac¬ 
cepted, we realize that the activity of some of the geologic processes 
operating at the surface today is greater than the average during the 
past. Since the continents now stand at a higher average elevation 
than they did during the greater part of the past, agents like gravity 
and running water, the most important of the geologic agents, are 
working at a higher than average rate today because of the abun¬ 
dance of steep slopes. 

The beginnings of geologic thought no doubt extend far back into 
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antiquity, but for this early period there is no record other than 
myths and legends. From their writings, we know that some of the 
early philosophers of Greece and Rome observed contemporary geo¬ 
logic phenomena and, in some instances, made conjectures about the 
activity of geologic processes in the past. Aristotle considered that 
earthquakes and volcanoes were closely connected and were due to 
movements of wind within the earth; he believed that the escape of 
the wind produced the volcanic eruptions. Seneca held that volcanic 
eruptions occurred when wind met sulphur and other combustible 
materials, which were ignited by friction. Herodotus noted the great 
load of silt carried by the river Nile and concluded that “Egypt is 
the gift of the river”; he recognized that part of Egypt is land made 
by the seaward building of the Nile delta. Fossils of sea shells, em¬ 
bedded in rocks high above the level of the Mediterranean, were 
observed by many philosophers of old and their true origin appre¬ 
ciated. 

During the Dark Ages the development of geology, along with that 
of other branches of learning, was seriously retarded. For example, 
over a considerable period of time, fossils found above the sea were 
thought to be either freaks of nature or proofs of the Noachian 
deluge. Leonardo da Vinci (1452-1519), Italian painter, engineer, 
inventor, and scientist, was one of the first to recognize their true 
origin. About 150 years later, Nicholas Steno (1631-1687), a Catho¬ 
lic churchman, published the first paper in which any attempt was 
made to decipher the history of the earth from the fossils contained 
in the rocks. Here was the foundation for the science of geology. 

At about the same time Ren£ Descartes (1596-1650) in France, 
Was contributing the first acceptable ideas as to the origins of the 
earth and of the other planets. He believed that the earth was formed 
through the cooling of an originally hot gaseous mass like the sun, 
resulting in the solidification of an outer shell over a still-hot core. 
France also produced Lamarck (1744-1829), who was the founder of 
invertebrate paleontology and one of the originators of the doctrine 
of evolution. 

A German, Abraham Gottlob Werner (1749-1815), greatly influ¬ 
enced geologic doctrine for several decades. He was a great teacher, 
and students came to him from many countries. To him modem 
geology owes the fundamental concept that, in any series of horizon¬ 
tal strata, the higher beds were laid down later than the lower, and 
in consequence are younger. At the same time, however, Werner 
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thought that practically all rocks, including granite, ore veins, and 
even lavas, were precipitates from a universal sea. He was not a 
traveller, and consequently his reasoning did not have the benefit of 
the observation of volcanoes. Geologists of wider experience contra¬ 
dicted Werner in this regard, and a controversy waged for many 
years between Werner’s supporters, who were known as “Neptun- 
ists,” and the “Volcanists,” who believed that lava, granite, and cer- 



Fig. 1. Sir Charles Lyell (1797-1875) who spread the gospel of uniformitarianism. 

By John Jesse Hayes. 
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*ain other types of rocks were formed through the cooling and solidi- 
Acation of molten materials. 

Geology owes a debt to three Englishmen, Hutton, Playfair, and 
Lyell (Fig. 1) for originating and spreading the doctrine of uni- 
formitarianism. James Hutton (1726-1797), a Scot, was first a doctor, 
later an agriculturist, and at all times a keen observer of geologic 
processes. He is credited with originating the doctrine, but his expo¬ 
sition of it was cumbersome, and it remained for John Playfair 
(1748-1819) to publish a much more readable account of the “Hut- 
tonian Theory,” which led to its general acceptance. Sir Charles 
Lyell (1797-1875), a widely travelled British geologist, published 
twelve editions of a Principles of Geology and six editions of an Ele¬ 
ments of Geology . The Huttonian doctrines were incorporated in 
these widely read texts, which carried the message over the world. 

Geology has continued to advance through the activity of many 
men. In the last few decades it has expanded from a purely philo¬ 
sophical science to a professional science as well. Although geology 
will always be a great philosophy, now, in addition, it aids the engi¬ 
neer in finding safe footing for dams, the miner in finding ore de¬ 
posits, the industrialist in discovering new reserves of petroleum, and 
the farmer in developing underground water supplies for irrigation. 

It must not be assumed that all questions in geology have been 
settled and that additional evolution of thought in the subject is not 
possible. Geology is a living, growing science, and many of its prob¬ 
lems remain to be solved. As old controversies are settled, new ones 
take their place. The ensuing decades may not see many notable 
changes made in the branches of geology concerned with the processes 
that act at the surface and therefore are observable in their activities 
and accomplishments. On the other hand, many geologic phenomena 
originate deep in the earth’s crust, and the hypotheses advanced to 
explain them are based largely or entirely upon indirect evidence. 
New discoveries and new interpretations of evidence will lead to 
new explanations in the future as in the past. The geology taught 
one hundred years hence will no doubt differ in many respects from 
that which we learn today. 

Geology and man . The science of geology is being 
used to an increasing extent by people dwelling in civilized coun¬ 
tries, and by no means all of this utilization is commercial in charac¬ 
ter. A knowledge of geologic forces and products leads to a greater 
enjovment of one’s surroundings. Most of our national parks and 
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monuments exhibit a host of geologic features, and for this reason 
the National Park ^Service employs geologists to show them to the 
thousands of visitors. However, a knowledge of geology can be ap¬ 
plied not only in the regions of magnificent scenery. Any physical 
environment, no matter how monotonous it may appear to the un¬ 
initiated, takes on new interest when its geological origin is under¬ 
stood. 

Geology is now used extensively as a means of increasing economic 
wealth in the search for (1) underground water, (2) mineral fuels, 
including coal, oil and gas, (3) various other non-metallic minerals, 
such as road materials, clay, sulphur, and gem stones, and (4) de¬ 
posits of metals. The largest group of professional geologists is em¬ 
ployed in searching for oil and gas; every important oil company has 
a geologic staff, and most of the discoveries of oil and gas being made 
today are based on the scientific work of these carefully trained 
observers. 

Another practical use of geology is in engineering projects such as 
the construction of reservoirs and dams, the curbing of soil erosion, 
and many others. The practical applications of geology are con¬ 
sidered in some detail in the last two chapters. 

Methods of geologic investigation. Geology is essen¬ 
tially a field subject, for the history of the earth during the last thou¬ 
sand million years has been deciphered chiefly by the field studies of 
many geologists. One important product of these investigations is 
the geologic map which shows, in addition to roads, communities, 
drainage, and other data found on ordinary maps, the distribution of 
the various ages and types of rocks at the surface (or just beneath 
the soil cover). These maps not only contribute to the accumulation 
of geologic knowledge, but also are of great practical value in the 
search for valuable mineral deposits. 

In many areas, actual rock outcrops are few and widely spaced. 
Hence, the layman is more or less mystified as to how a geologist can 
construct a map showing the character of the bed rock at every point. 
The geologist first collects all available information regarding scat¬ 
tered rock exposures, and then interpolates where information is 
lacking. He visits all outcrops and makes observations as to the posi¬ 
tion and elevation of the outcrops, the kinds and ages of the rock 
formations exposed, the arrangement of the various rock bodies 
composing the outcrop, the relationship between the different rocks, 
and the possible occurrence of mineral resources. The outcrops may 
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be natural exposures along the banks of streams and the flanks of 
hills, or they may be artificial, as are railroad and highway cuts, rock 
quarries, and other excavations. Even where the rock itself is cov¬ 
ered with soil, the distribution of the bed rock formations can be 
accurately mapped under some circumstances. The position of a 
rock that is either less resistant or more resistant to erosion than the 
surrounding rocks commonly is shown by a prominent break in 
topography. Gopher holes and ant hills yield many clues as to the 
type of underlying material; vegetation often differs noticeably on 
opposite sides of a hidden contact between two rock formations. 

Geological information regarding more deeply buried rocks may 
be available from records of mines and drilled wells. Geologists can 
investigate the rocks exposed in mine workings; the rocks penetrated 
by drilled wells are studied by means of “cuttings” made by the drill 
bit and by “cores” obtained by a special type of drill. Data concern¬ 
ing the deeper rocks can be secured also by geophysical instruments 
such as the seismograph, which makes a record of natural earth¬ 
quakes or artificially developed vibrations. 

In his laboratory, the geologist gives further study to the speci¬ 
mens collected in the field. He examines extremely thin slices of 
rocks and fossils under the microscope. He may make a variety of 
physical and chemical tests, in addition to visual and microscopic 
examinations. By various techniques, fossils, minerals, and rocks are 
identified, and mutual relationships are noted. 



CHAPTER 2 


Earth Materials 


Before studying the geologic forces 
and agents, we must know about the materials of the earth on which 
the forces and agents act. Earth materials themselves are the results 
of geologic processes, and their origins will be discussed in later 
chapters. We are now concerned solely with knowing what they are 
and where they occur. 

INGREDIENTS OF THE EARTH 
Atoms. The atom is the fundamental unit in the com¬ 
position of matter. It is so small that it remains invisible under even 
the highest-powered microscopes. In fact, the smallest visible par¬ 
ticle of any substance contains millions of atoms. 

Investigations by physicists during the last few decades have shown 
that the atom itself is not a single body but consists of a nucleus 
around which revolve one or more minute particles known as elec¬ 
trons. The relationship between the electrons and the nucleus has 
been likened to that of the solar system, in which the relatively small 
planets revolve about a central nucleus, the sun. 

Elements. All matter, whether it be the air we 
breathe, the water we drink, the food we eat, the clothes we wear, or 
the ground we walk upon, is composed of chemical elements. An ele¬ 
ment is a form of matter which cannot be decomposed by ordinary 
physical or chemical experiments. There are 95 elements, of which 
number over half are so rare that the average individual never hears 
of them. Some elements, such as iron, copper, lead, zinc, and gold, 
can be seen and are well known. Others, such as oxygen, occur in 
gaseous form only. Few elements are known in uncombined form; 
most of them join with other elements to form a great variety of 
natural chemical compounds. An example is silicon, which does not 
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occur aione in nature, but, because of its abundance in the common 
rock-forming minerals, composes over a fourth of the earth’s crust. 
The accompanying diagram shows graphically the relative abun¬ 



dance of the eight principal elements which compose more than 98 
per cent of the earth’s crust. The remaining 87 elements account for 
but 1.37 per cent which is less than the percentage of magnesium, 
the least abundant element of the first eight. Only two common 
metals, aluminum and iron, appear among the principal elements. 
Copper, lead, zinc, tin, and the precious metals are included in the 
relatively insignificant eighty-seven. 

Elements have the property of combining in definite proportions 
with other elements to form compounds . Every compound has char¬ 
acteristic physical and chemical properties. Compounds are thus 
distinguished from mixtures, in which two or more substances are 
mixed together without losing their separate identities. Air is a 
gaseous mixture of both elements and compounds; water is a simple 
compound (H 2 0) in which the ratio of hydrogen atoms to oxygen 
atoms is 2 to L 
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Minerals. A mineral is a natural homogeneous sub¬ 
stance of definite chemical composition and inorganic origin. Most 
minerals are compounds of two or more elements, but a few, such as 
sulphur and native gold, are single elements. Coal and petroleum 
are not minerals, because they are organic in origin; they are, how¬ 
ever, referred to as “mineral fuels” and are included under the broad 
term “mineral resources.” 

Most minerals originate through precipitation from a solution. 
The solutions that have yielded the great bulk of minerals have been 
masses of hot liquid rock, called magmas. When a magma cools the 
compounds in solution crystallize into various minerals. Closely re¬ 
lated in origin are minerals precipitated from hot water solutions 
that have escaped from a crystallizing magma. As the solutions move 
upward and outward from the magma they become cooler, and pre¬ 
cipitation takes place. Mineral veins containing economically im¬ 
portant deposits of gold, silver, copper, lead, zinc, and other metals 
are so formed. Large bodies of water on the earth’s surface contain 
mineral matter in solution, and evaporation of the water beyond the 
saturation point of the dissolved solids results in their precipitation. 
The great beds of salt found in various parts of the world today were 
formed by the evaporation of ancient seas and lakes. 

Not all minerals result from precipitation from cooling or evapo¬ 
rating solutions. At and near the earth’s surface, minerals are formed 
by chemical reactions between the atmosphere or ground waters and 
the minerals of rocks with which they come in contact. A relatively 
insignificant volume of minerals is formed by sublimation, when 
volcanic vapors come into contact with cooler rocks. 

When a mineral is formed, its component atoms, with but few ex¬ 
ceptions, are arranged in a definite and distinctive pattern. The ex¬ 
istence of this pattern was assumed for many years from studies of the 
behavior of light passing through thin slices—or sections—of minerals. 
The development of techniques whereby X-rays are transmitted 
through or reflected from the atomic pattern, or “lattices,” has 
proved their existence. If sufficient space is available when a mineral 
is formed, the regularity of internal atomic arrangement manifests 
itself in the development of an external crystal form composed of a 
series of faces having definite geometrical patterns such as squares 
and triangles. Consequently, minerals occur either in irregular 
grains and masses (Fig. 3), partially developed crystals, or com- 
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Fig. 3. Asbestos, an unusual mineral that can be 
woven into fireproof cloth. Crude fibre as it came 
from the Jeffrey Mine, Asbestos, Quebec. Courtesy 
Canadian Johns-Manville Company, Limited, 

plete crystals, depending upon the space available for growth at the 
time of formation. 

The composition of minerals ranges from single elements to com¬ 
plex compounds containing ten or more elements. Chemically, min¬ 
erals can be classified into various groups, including (1) the elements, 
such as gold, copper, and diamond, (2) the sulphides, such as galena 
(lead sulphide), and pyrite (iron sulphide), arsenides, and related 
compounds, (3) the oxides and hydroxides, which include quartz and 
bauxite (aluminum ore), (4) the haloids (halogen compounds) such 
as sodium chloride (salt), and (5) the oxygen salts, such as nitrates, 
carbonates, sulphates, tungstates, borates, phosphates, and silicates. 
Of the approximately 1500 mineral species known, about one-fourth 
are silicates (minerals containing silicon and oxygen in various com¬ 
binations with other elements), and one family of silicates, the feld- 
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spars, makes up about 60 per cent of the known earth's crust. Quartz 
(an oxide of silicon) and the feldspars, along with other silicates 
called pyroxenes, amphiboles, and micas, constitute about 87 per 
cent of the earth’s outer shell. 

It is also possible to classify minerals by occurrence and utilization. 
Major groupings in such a scheme are (1) the rock-forming miner¬ 
als and (2) the ore minerals. The first group consists mainly of sili¬ 
cates and one oxide, quartz. The dominant constituent of limestone, 
one of the common rocks of the outer earth, however, is calcite, a 
carbonate of lime. Ore minerals are those from which the metals of 
commerce and industry are obtained. Examples are native gold and 
copper, which are single elements; many sulphides, such as chalco- 
pyrite, the leading ore of copper, and hematite, an iron oxide from 
which most of the world’s iron is obtained; malachite, a copper car¬ 
bonate; and calamine, a zinc silicate. Although ore minerals occur 
in all of the chemical groups, most metals are obtained from sulphide 
deposits. Notable exceptions are the chief ore minerals of iron and 
tin, which are oxides. 

Minerals play an important role both geologically and industrially. 
They are essential constituents of almost all rocks that we see in the 
outer part of the earth. They undergo changes when acted upon by 
geologic forces and agents. 

Minerals are sources of wealth. Many individuals, communities, 
and even countries obtain the major share of their incomes through 
the exploitation of mineral deposits. Throughout history, many wars 
of conquest have been fought to obtain coveted mineral resources in 
which the aggressor nation was deficient. 

Minerals are sought by collectors and are displayed in museums 
because of their beautiful color, crystal form, or both. The rarity of 
many species also excites the interest of the collector. For many cen¬ 
turies, mineral collecting has been a popular hobby. 

Rocks. Most rocks are mixtures of minerals; hence 
they exhibit wide differences in composition and properties. The 
chemical composition of a rock is not definite as is that of a mineral. 
One type of rock may grade imperceptibly into another through vari¬ 
ation in the proportion of the different minerals present. A few rocks 
such as limestone, rock salt, and gypsum consist largely or wholly of 
one mineral. Natural glass, coal, and a few other rocks are not com¬ 
posed of minerals, but these are exceptional. 

Ro^ks are formed, destroyed, and remade by geological processes 
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working through a never-ending cycle. The rocks of the visible 
part of the earth are divided into three great classes, igneous, sedi¬ 
mentary, and metamorphic . 

Igneous rocks, which compose most of the earth, are formed by the 
cooling and consolidation of molten liquids. A well known example 
is basalt, a dense, dark rock formed by the “freezing” of a flow of 
molten lava. However, the most abundant igneous rock is granite, 
which solidifies at moderate depth below the surface. Practically all 
varieties of igneous rock consist of an aggregate of interlocking crys¬ 
tals. The mineral particles are visible in granite, while in basalt 
most, if not all, are invisible to the eye. The compact, dense appear¬ 
ance of basalt may be relieved by conspicuous holes through which 
gas escaped while consolidation was taking place. The holes are espe¬ 
cially common at the surface of lava flows. 

Sedimentary rocks include such well known varieties as sandstone, 
limestone, and shale. Most of these rocks are composed of fragments 
of other rocks and minerals deposited either above or below sea level. 
Some are composed of organic matter, and others are composed of 
minerals precipitated from waters. Their chief characteristic is a 
layering, known as bedding, due to the deposition of different types 
and sizes of panicles at different times as the rock was being built up. 
In most sedimentary rocks, the grains are not interlocking, and, al¬ 
though they may be cemented together by a natural binder, most of 
the sedimentary rocks are inferior to igneous rocks in hardness and 
durability. Sedimentary rocks are the only types of rock that contain 
fossils, evidence of past life. 

Metamorphic rocks are igneous or sedimentary rocks which have 
been subjected to considerable heat and pressure and active subsur¬ 
face solutions so that the component minerals have recrystallized 
either into the same minerals or, by internal rearrangement, into 
different minerals. The new rock is an interlocking aggregate of 
crystals, as is igneous rock, with comparable hardness and cohesive¬ 
ness. Recrystallization produces a characteristic banding in some 
cases and an exceptional rock cleavage in others. Banded rocks in¬ 
clude gneiss (pronounced nice) , a coarse-grained rock with the min¬ 
erals arranged in wide bands, and schist (pronounced shist), in 
which the bands are fine. Slate is the outstanding example of a cleav- 
able rock. A few metamorphic rocks, such as marble, (recrystallized 
limestone), exhibit neither banding nor cleavage, but merely a 
coarser crystallization of the mineral or minerals initially present. 
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In marble, metamorphism has recrystallized the original calcite into 
a coarse, interlocking aggregate. 

DISTRIBUTION OF EARTH MATERIALS 
The earth is divisible into three principal parts. The outermost 
zone is the atmosphere, which is composed of elements and com¬ 
pounds in gaseous state. The second division is the hydrosphere, con¬ 
sisting of water which occupies depressions in the surface of the uri- 
derlying, solid lithosphere, which is the third division. 

The atmosphere. The atmosphere, or “vapor sphere,” 
is the mixture of nitrogen, oxygen, water vapor, and carbon dioxide 
that we commonly refer to as air. It is a relatively thin blanket, held 
to the earth by the same force (gravity) that keeps us from being 
whirled off into space. The elements in the atmosphere are essential 
to life; furthermore no rain could fall without an atmosphere. The 
chemical and physical activities of the atmosphere as a geologic 
agent will be discussed in the following chapter. 

The hydrosphere. About three fourths of the surface 
of the earth' is covered by the waters of the ocean. Through the ages 
this water has become contaminated by salt and other compounds in 
solution in the streams that drain the continental areas. 

The oceans play both a passive and an active role in geology. They 
are the source of most of the rain that falls from clouds in the atmos¬ 
phere. The oceans effectively screen three-fourths of the surface of 
the lithosphere from several very active agents of erosion, such as 
rivers and ,wind. Waves and currents, however, alter the position 
and shapes of shore lines. The ocean floor is the great depository for 
sediment which is carried there by various transporting agencies. 
Many animals and plants live in the waters of the ocean, and the 
activities of some of these change the configuration of the sea floor. 
The work of the ocean is described in Chapter 8. 

The lithosphere. The solid part of the earth is a 
spheroid with a circumference of about 25,000 miles and a diameter 
of about 8,000 miles. If the oceans were not present, and if we could 
view the earth from a point in space, we would see that its surface 
had two distinct levels. One-third of the surface stands about three 
miles above the remaining two thirds. The higher plateau areas are 
the continental platforms, and the low-lying regions are the ocean 
basins. However, the oceans actually occupy three fourths instead 
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of two thirds of the earth's surface by overflowing their basins and 
encroaching upon the edges of the continental platforms. 

The highest mountains rise about five miles above the general 
level of the continents, and the deepest depressions on the ocean floor 
are about four and one-half miles below the average level of the 
ocean basins. Therefore, the maximum relief (vertical distance be^ 
tween highest and lowest points) of the earth’s surface is about twelve 
and one-half miles. This figure is so insignificant when compared 
with the 4,000-mile radius of the earth that if the earth were shrunk 
to the size of a tennis ball, it would be just about as smooth. 

Our first-hand knowledge of the materials composing the litho¬ 
sphere is largely confined to the rocks lying at and near the surface 
of the continents. The deepest wells that have been drilled into the 
earth have penetrated only a little more than three miles of crust, 
the deepest mine less than one mile and a half. Actually, however, 
because of movements within the earth, rocks that have been buried 
to depths probably exceeding ten miles have been brought to the 
surface and are available for study. 

It has been estimated that over 75 per cent of the land surface is 
floored with sedimentary rock, and the remainder with igneous and 
metamorphic rocks. If the thin mantle of soil present almost every¬ 
where is taken into consideration, the amount of surface where ig¬ 
neous and metamorphic rocks are exposed becomes even less. How¬ 
ever, both the soil and the sedimentary rocks form an extremely thin 
“skin,” beneath which all of the rocks are either igneous or meta¬ 
morphic. The latter types of rock crop out mainly in mountainous 
regions, in so-called “shield” areas where the veneer of sedimentary 
rocks has been stripped off by erosion, and where extensive plateaus 
have been built up through the solidifying of countless flows of lava. 
In North America the coastal plains, the great lowland area drained 
by the Mississippi River and its tributaries, and some of the lower 
mountain ranges, are floored with sedimentary rocks, but the higher 
mountain ranges, the Columbia River plateau of the Northwest, and 
the great shield area extending from the Great Lakes to the Arctic, 
are floored with igneous and metamorphic rocks. 




PART TWO 


Geologic Processes 


We are now ready to consider the geo¬ 
logic agents that are at work on and 
within the earth, and the results of 
their activity . The following seven 
chapters discuss the agents that oper¬ 
ate at and close to the earth 9 s surface 9 
such as the atmosphere, ground water, 
running water, ice, gravity, and waves 
and currents, and the mode of forma¬ 
tion of sedimentary rocks . Vulcanism 
and diastrophism, processes which, for 
the most part, operate deeper within 
the earth but also affect the surface, 
will he considered in Chapters 10 and 
11 . 




CHAPTER 3 


Work of the Atmosphere 


The atmosphere works in two princi- 
pal ways as a geologic agent. Its more important activity is rock 
weathering, while its less important but still very significant activity 
is the work of the wind. Rock weathering is a slow and quiet process, 
involving little or no movement of material. Winds often are violent 
and do a great deal of work in a brief space of time. They move 
enormous volumes of rock fragments. The principal result of rock 
weathering is to loosen material so that it can be transported by the 
various agents of erosion—gravity, running water, wind, snow, ice 
and glaciers, lakes, oceans and various kinds of organisms. 

ROCK WEATHERING 

Weathering is the destructive effect which the atmosphere and 
other agents have on the rocks at and near the surface of the earth. 
The atmosphere consists of about 78 per cent nitrogen, an inactive or 
inert gas, 21 per cent oxygen, a small but variable percentage of water 
vapor, and less than 1 per cent carbon dioxide and other gases. Oxy¬ 
gen has the power to unite with a great many chemical elements, a 
process known as oxidation, which goes on extensively at and near 
the earth’s surface. To attack rock minerals chemically, oxygen, and 
also carbon dioxide, must be dissolved in water. Oxygen and carbon 
dioxide are absorbed by rain as it falls through the atmosphere, and 
by water as it filters through the upper soils which commonly are 
rich in organic matter. Animals and plants produce certain chemical 
compounds during their lives or during decay after death which are 
important in rock weathering. 

Weathering takes place as far down into the crust as the water can 
penetrate. The formation of a soil cover does not prevent weathering 
of the underlying bed rock, for there are abundant openings within 
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the soil to permit air to circulate. Likewise, most sedimentary rocks 
contain open spaces, such as those between grains of sand in a sand¬ 
stone, which permit ready penetration by the atmosphere. Most 
igneous rocks have fewer openings and therefore cannot be so easily 
penetrated by weathering agents. Weathering of lava, however, is 
facilitated by the abundant holes in the upper part of flows, formed 
by escaping gases at the time of solidification. Granites and many 
other rocks would be fairly impervious were it not for the fact that 
they are invariably traversed by cracks or fractures, called joints, 
which extend down into the rock for considerable distances and 
greatly increase the area of rock surface open to attack by the 
atmosphere (Figs. 4, 5, and 6). 

The depth to which active weathering can take place is limited 
by the position of the water table, the upper surface of the under¬ 
ground water. A short distance below the water table, weathering 
ceases, for such oxygen and carbon dioxide as is dissolved in the per¬ 
colating water which joins the ground water circulation is soon used 
up. Of course, hydration (the union of chemical elements and com 
pounds with water) can take place, but in most minerals hydration i$ 
not possible until after oxidation. 



Fig. 4. Granite spires produced by weathering and erosion along vertical joints. 
« The Needles, Black Hills, South Dakota. By Henry Landes . 
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It would be difficult to overemphasize the importance to man of 
weathering. Without weathering, the surface of the earth would be 
forbidding indeed. The continents would be surfaced with bare, 
hard rocks, for no soil cover could be developed; consequently the 
earth would be devoid of plant and animal life. Fortunately, how- 



Fig. 5. Turrcted spires produced by weathering and erosion along both ver¬ 
tical joints and horizontal layers of sedimentary rock of unequal hardness. Bryce 
Canyon National Park, Utah. Courtesy Union Pacific Railroad. 


Fig. 6. Weathering and erosion along joint planes in granite; some 01 the 
joint planes are inclined, as shown by the slope of the mountain face to the left. 
Goatfell, Island of Arran. Courtesy Geological Survey and Museum, London. 

ever, weathering has been a dominant process throughout known 
geologic time, hence a soil cover has existed almost everywhere. 

The principal geologic function of weathering is to make rock 
material available for transportation, the first step in the formation 
of sediment and sedimentary rock. The bed rock is broken into frag¬ 
ments that are movable; and soluble compounds that can be dis¬ 
solved and removed by surface and underground waters are formed. 
Besides producing the soil upon which the agricultural and lumber¬ 
ing industries depend, rock weathering has some other very practical 
results. Sand, gravel, and clay deposits which we use so much are the 
indirect results of rock weathering. Practically all aluminum ore, 
most iron ore, and some copper ore have been formed through oxi¬ 
dation and other chemical changes taking place at and near the 
earth’s surface. 

WEATHERING PROCESSES 

Weathering is accomplished by two methods: physical weathering, 
which produces disintegration, and chemical weathering, which re¬ 
sults in decomposition. In most places, these two processes work to¬ 
gether so that the products of weathering result from a combination 
of activities. 

Disintegration. Disintegration is mechanical fragmen¬ 
tation of rock into smaller and smaller units without appreciable 
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change in chemical composition. For example, in many parts of the 
earth water filling a joint crack in rock at the top of a cliff freezes at 
night and thaws during the day. Since water expands as it changes 
to ice, it is capable of producing great pressure on the material en¬ 
closing it. In fact, a pressure of about one ton per square inch may 
be exerted on the surrounding rock. Thus each freezing widens the 
crack until a block is detached from the cliff (Fig. 7). The same 
process is repeated in the rock fragments at the foot of the cliff until 
they also have been split apart many more times. The accumulation 
of angular rock fragments at the foot of a steep slope is known as 
“slide rock” or talus (Fig. 8). 

Plants and animals arc important disintegrators of rock. The roots 
of trees and other plants, growing in joint cracks or other openings 
in rocks, will force blocks apart. Worms and burrowing animals 
break up weak rocks. 

Decomposition. Chemical weathering results in the 
alteration of minerals. When exposed to atmospheric attack, most 
minerals alter by uniting with the active elements and compounds 
(oxygen, carbon dioxide, and water) in the atmosphere. A primary 
(original) mineral alters into one or more secondary minerals, which 



Fig. 7. The action of frost in rock weathering. The large rock fragments in 
the left foreground, as well as the debris on the slopes, are products of frost 
wedging. Carn Dearg Meadhonach, a granite mountain near Ben Nevis, Inver- 
nesshire. Courtesy Geological Survey and Museum, London. 



Fig. 8. Talus of disintegrated shale fragments. Cinnamon Mt., Colorado. By 
J. W. Vanderwilt. Courtesy Geological Survey, U. S. Department of the Interior. 

are soft and readily transported by wind and water. Chemical 
weathering also produces soluble compounds which are carried away 
by surface or underground waters. Chemical changes in minerals are 
varied and complicated. Oxidation is illustrated by the union of iron 
with atmospheric oxygen to form iron oxide (the mineral hematite). 
Carbonation is the union of elements in a mineral with carbon diox¬ 
ide from the atmosphere, producing a carbonate. For instance, cop¬ 
per which is exposed to the atmosphere alters to green copper car¬ 
bonate. Kaolinization is a very common process of mineral altera¬ 
tion. When feldspar is altered chemically, carbon dioxide unites 
with the potassium, sodium, or calcium in the feldspar to form a sol¬ 
uble carbonate which is carried away in solution. At the same time, 
water unites with aluminum and silica of the feldspar to form kaolin 
or some other clay mineral. Since feldspar is the most abundant min¬ 
eral in the outer part of the earth, clay minerals are common at the 
earth’s surface. 

The union of water with mineral matter is hydration; a common 
example is the alteration of iron, or iron oxide (hematite), into 
hydrous iron oxide (limonite). Clay shale exposed at the surface 
absorbs water and reverts to massive clay, but this is chiefly a phys¬ 
ical rather than a chemical hydration. 

Chemical processes may cause considerable increase in volume, 
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which assists in the disruption of rocks. For example, the zone of 
rock next to the surface will be the first to decompose; as it decom¬ 
poses it expands so that it no longer fits tightly against the underly¬ 
ing rock. This will cause it to “shell off,” exposing the fresh rock be¬ 
neath. The scaling off of successive skins is known as exfoliation; it 
resembles the peeling of an onion. 

Solution. Decomposition processes and percolating 
water work together to produce what is known as solution weather¬ 
ing, or leaching, the removal of soluble substances in the rocks at or 
near the surface. The activity of bacteria accelerates leaching; it has 
been found by experiment that leaching is 53 per cent more effective 
when bacteria are present than when conditions are sterile. A few 
rock-forming minerals, such as calcite, are slowly soluble in perco¬ 
lating water; in such cases decomposition is not a necessary prelude 
to leaching. The pitted surfaces of outcropping limestones are due 
to solution weathering of calcite. 

The vulnerability of rocks to the chemical work of the atmosphere 
depends upon several factors, of which the kind of minerals compos¬ 
ing the rock is the most important. Rocks composed of feldspar, cal¬ 
cite or iron-magnesium minerals, which are susceptible to decompo¬ 
sition or solution, arc less stable than rocks composed of other 
minerals. The character of the minerals cementing the grains of a 
sedimentary rock such as a sandstone controls its resistance to disin¬ 
tegration. Some mineral cements, like calcium carbonate, are readily 
leached; others, like silica, are as resistant to attack as the sedimentary 
grains of the rock itself. Grain size also is important, for weathering 
proceeds with greater rapidity in coarser grained varieties of the same 
rocks. Therefore, a fine-grained, dense granite or limestone is more 
durable than coarser grained phases of the same rocks. The mutual 
relationship of the individual grains is a further factor. Interlocking 
aggregates of crystalline minerals make rocks less vulnerable. 

Climate is an important factor in rock weathering; a warm, moist 
climate accelerates chemical decomposition. Extreme daily and sea¬ 
sonal variations in temperature aid rock disintegration. Thus, the 
amount and kind of weathering that takes place depends upon the 
environment of the rocks as well as their composition. It is impos¬ 
sible to list rocks in the order of their resistance to attack by the 
atmosphere. One rock might be much more durable than another 
under certain conditions of climate, texture, and structure, but 
under different conditions their positions might well be reversed. As 
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a general rule, igneous and inetamorphic rocks stand up better than 
sedimentary rocks, but quartzite, a silica-cemented sandstone, is one 
of the most durable of rocks. 

RESULTS OF WEATHERING 

Residual mantle. Natural exposures of bed rock are 
common in some areas, but in most places weathering has broken 
down the rock so that it is covered by a veneer of loose material. This 
veneer, or mantle, ranges from a few inches to many feet in thickness, 
depending upon the climate, type of rock, and length of time during 
which undisturbed weathering has gone on. The composition of the 
mantle also depends upon these conditions. Rock surfaces in a desert 
generally are veneered with chips and grains broken from the under¬ 
lying rock, while in a more humid region there is usually a complete 
gradation downward from mantle into solid rock. The term residual 
mantle is used to distinguish weathered fragments in place (Fig. 9) 
from transported mantle which consists ol loose materials moved 
from their source. Transported mantle in places blankets the bed¬ 
rock through thicknesses of hundreds of feet. 



Fig. 9. 'Relationship between bed rock and residual soil. By John Jesse Hayes. 
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Soil . Soil is that part of the residual or transported 
rock mantle which supports the growth of plants. It comprises chiefly 
more or less finely divided, physically and chemically altered rock 
fragments, together with organic material that has accumulated 
through the growth and death of many generations of plants. 

The character of soil in the early stages of its evolution depends 
mainly upon the composition of the parent rock. Soil minerals are 
those which form through oxidation, hydration, carbonation, and 
leaching of the minerals in the original rock. The extent to which 
these chemical processes operate is a function of climate, topography, 
and time. Furthermore, various plants introduce new compounds so 
that additional chemical reactions take place. Consequently, older, or 
“mature/* soils are dependent in character and composition more 
upon their environment than upon the composition of the original 
rock. The same kind of rock may produce totally different soils 
under different environmental conditions, and conversely, similar 
environments eventually will produce similar soils from rocks quite 
unlike in character.' 

Soils also are produced almost entirely by leaching processes. For 
example, limestone, composed mainly of calcium carbonate, is rela¬ 
tively soluble and is gradually dissolved by percolating water. The 
impurities within the limestone, such as grains of sand, particles of 
clay, and pieces of chert (a white, dense form of quartz), are rela¬ 
tively insoluble and therefore tend to be left behind. In the region 
bordering the Ozark upland in the states of Missouri and Arkansas, 
where chcrty limestones are abundant, the soil contains large quan¬ 
tities of residual chert. Leaching also will cause the reversion of a 
sandstone into loose sand by removing the calcium carbonate or 
limonite cement which has held the sand grains together. 

Utilization of soil . Soil is essential to the world’s 
greatest industry, agriculture. Therefore, its character and evolution 
have been the subject of much study, both by individual scientists 
and by governmental organizations. Where the mantle rock has not 
been disturbed, it is possible to identify various layers of soil between 
the surface and the unaltered bed rock. The soil at the surface is, of 
course, the oldest of the weathered phases and shows the least simi¬ 
larity to the source rock; and weathered zones below the soil show 
increasing chemical similarity to the bed rock. 

The top soil layer is the one in which activity of organisms has 
been greatest; hence its fertility is likely to be greater than that of 
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lower zones. Where deforestation, overgrazing, or improper cultiva¬ 
tion have exposed the top soil so that it is blown or washed away, 
there is great economic loss, since it will take many years for nature 
to make the underlying weathered material equally fertile. 

Besides the danger of removal of top soil, the agricultural industry 
is also faced with decreased fertility of much of the soil because of 
too-long-continued production of certain types of crops. The chem¬ 
ical changes going on within the soil do not end when the pioneer 
farmer first plows up the virgin sod. Chemical activity continues, but 
it is controlled to a considerable extent by the types of crops the 
farmer plants, and by the methods of tilling he uses. The determina¬ 
tion of the best use to which different types of soil can be put and of 
the proper treatment of soils, have been major contributions of scien¬ 
tific agriculture. 

Gossans. The exposure of minerals in an ore deposit 
to chemical weathering results in the formation of a gossan , or cap¬ 
ping, of oxidized minerals overlying the unaltered ore body (Fig. 10). 
A gossan can extend to the depth of the surface of the ground water, 
or water table. Gossans reach several hundred feet in depth in arid 
regions and are absent in exceptionally humid localities. 



Fig. 10. The origin of gossan. An outcropping quartz vein containing pyrite 
and gold. The pyrite above the water table is altered to limonite. The heavy 
gold works down the hillside to the stream bed at the bottom. John Jesse Hayes . 
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Limonite (hydrous iron oxide) is the commonest oxidized mineral 
in most gossans, because of the abundance of pyrite in original ore 
bodies. For this reason the commonest gossans are yellow or brown 
in color and consist of an earthy intermixture of limonite and quartz. 
Valuable ore deposits, especially those of copper, may underlie limo¬ 
nite gossans that are valueless because the metals (other than iron) 
have been leached away. Many ore bodies have been discovered by 
sinking a shaft on a gossan and exploring the unaltered ore beneath 
In other cases, however, the deposit is worthless because the underly¬ 
ing primary minerals are quartz and pyrite only. 

Mineral deposits formed by weathering processes. In 
some cases the gossans overlying unoxidized ore deposits contain 
metallic minerals in sufficient quantities to be exploited. Primary 
minerals containing lead, zinc, copper, and silver oxidize so readily 
that some gossans contain oxygen-bearing compounds of these metals. 
Such gossans ordinarily are limited in volume; hence most mines 
exploiting an oxidized ore body soon run out of such material. How¬ 
ever, where the zone of weathering is thick, as in arid regions, and 
where leaching by percolating ground water has not removed the 
oxidized compounds, mines may operate successfully in the gossan 
zone for many years. Copper minerals in the zone of oxidation are 
especially susceptible to leaching, but the copper in some cases is 
reprecipitated at lower depths. This process, known as the secondary 
enrichment of an ore deposit, is described in the next chapter since 
ground water is also involved. 

Weathering has contributed to the formation of other valuable 
mineral deposits, especially ores of aluminum, iron, and manganese. 
These are the leading metallic elements in the earth’s crust, which 
comprises eight per cent aluminum, five per cent iron, and nine- 
tenths of one per cent manganese. Ore deposits of these elements are 
the result of processes which increase the original proportions. Since 
such concentration is confined to the zone of weathering, deposits 
formed in this way occur at or close to the surface of the earth at the 
time of their formation, although later they may be buried by great 
thicknesses of rocks. Several other minerals that owe their occurrence 
in commercial quantities to weathering are described below. 

Clay. Decomposition of feldspar into clay has already 
been mentioned. A few rocks consist almost entirely of feldspar. 
When such rocks decompose, high-grade residual clay deposits gener¬ 
ally result. The best chinaware clays have this origin. However, the 
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most abundant rock in the earth’s crust is granite, principally a mix¬ 
ture of feldspar and quartz. Weathering changes this rock to clay and 
quartz. Because of the presence of quartz, such clay is not of com¬ 
mercial value, but it may subsequently be naturally sorted by water, 
the clay deposited in one place, and the quartz sand in another. 
Thus, a sedimentary, or transported, clay deposit is formed. 

Aluminum ore. Aluminum ore is evolved by a com¬ 
bination of decomposition and leaching under special climatic con¬ 
ditions, which are assumed to be high humidity and subtropical 
temperatures because most of the commercial aluminum deposits of 
the world are confined to such areas. The primary mineral from 
which aluminum ore, too, is developed is feldspar. Under humid, 
subtropical climates, bauxite, an earthy mixture of hydrated alumina 
minerals, is formed rather than clay (Figs. 11 and 12). Clay contains 
silica in addition. Therefore, when bauxite is formed during the 
decomposition of the feldspar, silica is leached from the rock. 



Fig. 11. Open pit bauxite mine. The bauxite ore is being blasted preparatory 
to* loading into mine cars. Courtesy Aluminum Company of America. 
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Fig. 12. Underground mining of bauxite. Courtesy Aluminum Co. of America. 


Oxidized iron ore. Almost all of the great iron depos¬ 
its of the world have been developed by decomposition accompanied 
by either the leaching of valueless rock or by secondary concentra¬ 
tion. The iron which is scattered through the earth’s crust with an 
average concentration of five per cent occurs in different forms, such 
as the sulphide called pyrite, the oxide called magnetite, and various 
silicates. The first step in the formation of an iron deposit is the 
chemical decomposition and oxidation of the primary iron-bearing 
minerals to hematite, another iron oxide. Hematite is then concen¬ 
trated by leaching of the associated minerals by ground waters, or by 
further solution of the iron itself and its redeposition as either hema¬ 
tite, limonite (hydrous iron oxide), or siderite (iron carbonate). For 
a commercially valuable ore deposit (Fig. 13), the iron content of 
the rocks must be increased from the initial five per cent (higher in 
some rocks, especially lavas) to thirty-five or forty per cent. 

Oxidized manganese ore. Most manganese ores are 
composed of black or brown earthy minerals. Manganese is present 
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Fig. 13. Open pit iron mine. Plymouth Pit, Wakefield, Michigan, August, 1939. 

Courtesy Pickands, Mather, and Company . 


in the rocks of the earth’s crust as a relatively minor constituent of 
several silicate minerals. Decomposition of these minerals frees the 
manganese, which combines with oxygen to form one of several 
manganese oxides. Subsequently these minerals may be either fur¬ 
ther concentrated by leaching of associated valueless material, or 
transported and redeposited into concentrated sedimentary beds. 

Oxidized uranium ores. Pitchblende and other primary 
uranium ores decompose to produce oxidized minerals which are 
notable for their bright orange and yellow hues. Such oxidized ores 
are exploited for their uranium, radium, and other radioactive ele¬ 
ment contents. The Katanga, Belgian Congo district, is the world’s 
leading source of radioactive material. 
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Other mineral deposits. Barite, a barium compound 
used for pigments and other purposes, is a good example of concen¬ 
tration by leaching. This mineral usually occurs in thin veins and 
scattered crystals in thick limestone formations. The percentage of 
barite in such deposits is ordinarily too small to permit profitable 
mining. However, because limestone is relatively soluble, it is slowly 
dissolved by rain and removed by running water. Barite, on the 
other hand, heavy and relatively insoluble in surface waters, becomes 
concentrated in the residual mantle. 

Many other minerals are loosened and made available for transpor¬ 
tation by leaching. For example, gold is separated from its com¬ 
panion minerals and is later transported to a new environment where 
it is often accumulated in sufficient concentration to warrant exploi¬ 
tation. All minerals of placer deposits are released from their orig¬ 
inal environment by weathering. 

WIND 

Wind is defined as atmosphere in motion approximately parallel 
with the earth’s surface, and the work it does is, therefore, one of the 
geological activities of the atmosphere. The wind is one of several 
agents that transport material loosened by weathering. It is also a 
destructive force and an agent of deposition. 

Origin of winds. Winds are of two general types, plan¬ 
etary or prevailing winds blowing over great areas of the earth, and 
local winds. Planetary winds blow prevailingly in one direction ex¬ 
cept when interrupted by local winds of greater velocity. Prevailing 
winds are due to the varying degrees of heating of the different lati¬ 
tudinal zones on the earth’s surface. In the equatorial zone the air is 
continually being warmed. As it is heated it expands and rises, and 
cooler air moves into the equatorial zone along the surface from the 
north and from the south. The direction and movement of the air in 
this circulation is modified by the rotation of the earth. In the north¬ 
ern hemisphere the winds are deflected to the right and in the south¬ 
ern hemisphere to the left. 

Prevailing winds are important geological agents in desert, plateau, 
and plains regions where there are few natural obstacles to retard 
their velocity. Some areas, such as the Great Plains of west-central 
United States, are so consistently “fanned” by prevailing westerly 
and southwesterly winds that windmills can be operated for days at a 
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time without interruption. The picturesque windmills of the Nether¬ 
lands are turned by the same westerlies. 

Local winds are due either to differential heating of the earth’s 
surface on a lesser scale than world-wide, or to cyclonic storms. The 
rays of the sun warm the surface of the land more than they do the 
waters of lake or ocean, so that during the sunlight hours there is a 
steady movement of air off the water onto the land to take the place 
of the heated and expanded air in the latter area. At night, however, 
the temperature conditions are generally reversed and the air moves 
in the opposite direction. This same process also acts through a sea¬ 
sonal cycle under favorable conditions. For example, southern Si¬ 
beria becomes hotter in summer and cooler in winter than the Indian 
Ocean. Therefore, the local winds, known as the monsoon winds, 
blow across India from the southwest during the summer and in the 
opposite direction during the winter. Mountainous areas heat faster 
during the day and cool down more at night than adjacent lowlands, 
so that local winds blow up the slope during the day and down the 
mountain flanks at night. Sometimes the winds in the upper atmos¬ 
phere, which are the prevailing planetary winds, blow in the oppo¬ 
site direction to those near the ground. 

Cyclonic winds are produced by areas of low atmospheric pressure 
which move at the rate of about 700 miles a day from west to east 
in the northern hemisphere. Storm winds are caused by air flowing 
into the low pressure zones. The velocity of these winds depends 
upon the differences in pressure and distances between centers of low 
and high pressure. The steeper the “gradient,” the faster is the wind. 
Local winds also are capable of both destructive and constructive 
geologic work. 


METHODS OF WIND WORK 

The wind first picks up a load of rock fragments and other debris 
and then transports and deposits it. Deposition is not necessarily 
final, for a particle fine enough to be carried by the wind may be 
picked up, carried, and dropped many times before reaching a rest¬ 
ing place secure from further wind activity. 

Source of material. Most of the material picked up by 
the wind is already lying loose on the earth’s surface. Some, however, 
may be obtained through abrasion or wear of exposed rock faces. Vol¬ 
canic eruptions also contribute great quantities of finely divided rock 
particles to the moving ait. 
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The most abundant loose material at the earth’s surface is the rock 
mantle. Other types are sediment dropped by preceding winds, sedi¬ 
ment deposited by streams during high water or by waves and cur¬ 
rents on lake and ocean beaches, and volcanic fragments. Wind does 
not move wet soil and sediment, or soil and sediment protected by a 
cover of vegetation; hence the most vigorous wind erosion does not 
occur in humid regions. Where vegetation is scanty or absent, as in 
stream beds at time of low water, on beaches, and in other places 
because of destruction by fire, overgrazing, or cultivation, steadily 
blowing wind dries the loose material at the surface and makes it 
available for transportation. 

Abrasion is wear by rubbing. Winds abrade by blowing sand and 
other rock particles against an exposed surface, such as a rock cliff. 
The particles themselves are reduced in size by frequent collision 
with each other and with the bed roc k. Moving air without “tools” 
is powerless as an abrading agent, but rock can be worn appreciably 
by sand blown against it. A familiar example of this action is the sand 
blast used in cleaning the walls of buildings and other surfaces. Com¬ 
pressed air blows sand from a nozzle against the stone. The sand grains 
cut into the rock and remove the grimy surface layer so that under¬ 
lying clean rock is exposed. Similar sand blasting takes place in 
nature, and exposed rock surfaces in sandy, windy regions are thus 
worn away. The material removed becomes part of the load carried 
by the wind. 

Volcanoes eject fine material into the air, both by violent explo¬ 
sions which shatter solid rock, and by the eruption of molten rock 
into the air as spray, which solidifies into fine particles of rock glass. 
Both of these volcanic products are called volcanic ash. 

Transportation. The wind carries its load (1) by roll¬ 
ing the particles along the surface of the ground, (2) by intermit¬ 
tently lifting and dropping the grains so that they move in a series 
of jumps, or (3) in suspension in the air. The transporting power is 
dependent upon wind velocity, hence the manner in which a par¬ 
ticle is carried depends both upon its weight and upon the strength 
of the wind. A violent wind may carry in suspension a grain which 
a gentle breeze can only roll along the surface. Many particles are 
too heavy even to be rolled except during times of high wind velocity. 

Essential for large scale transportation by rolling are winds which 
are fairly constant in direction, a ground surface that is not too 
rough, and an abundant supply of material of the right size and 
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weight. As they are moved along, the grains are rounded and worn, 
and eventually may become small enough to be lifted into the air 
without any increase of wind velocity. 

Variations in wind velocity and direction, due in part to irregu¬ 
larities of the ground surface which produce local upward currents 
of air, cause the rock particles to be transported in a series of jumps. 
Between jumps the grains may be rolled along the surface or they 
may remain where they fall until there is another gust of wind with 
sufficient power to pick them up. The particles transported in this 
manner also are worn by friction, and eventually they become fine 
enough to remain in the air for longer periods of time. 

The finest dust particles can be carried in suspension. However, all 
wind-borne sediment is heavier than air and will settle down onto 
the earth’s surface when the air is not in motion. Wind not only 
moves horizontally, but it may also move upward locally because of 
deflection by hills and ridges and because of inequalities in the heat¬ 
ing of the earth’s surface by the sun. Dust which is fine enough to b«s 
carried into the upper atmosphere may be transported for long dis¬ 
tances before the air becomes sufficiently still to permit settling. Very 
fine volcanic ash thrown out by the volcano Krakatoa in the East 
Indies in 1883 was carried in the upper air currents completely, 
around the world. Dust from the so-called “Dust Bowl” of the south¬ 
ern Great Plains of the United States traveled to the eastern seaboard 
in 1934 and in subsequent years./c 

Deposition. Deposition of wind-borne material takes 
place because of decrease of velocity or change of direction of the 
wind. Particles dragged by the wind will come to rest when an ob¬ 
stacle such as a rock, shrub, fence, building, or hill is encountered. 

Fragments in suspension in the air settle down onto the earth’s 
surface and increase the quantity of the rock mantle. Because thes% 
wind deposits in most places are relatively thin, their quantitative 
importance is not always appreciated. Yet the wind,, no doubt, trans¬ 
ports and deposits much more dust each year than it does sand. Even 
in historic time the fall of dust has been of considerable magnitude 
in many regions. “At Nineveh, Babylon, and many other Eastern 
sites, mounds which have been practically untouched by man for 
many centuries consist of fine dust and sand gradually drifted by the 
wind round and over abandoned cities, and protected and augmented 
by the growth of vegetation. In those arid lands, the air is often 
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laden with fine detritus, which drifts like snow round conspicuous 
objects and tends to bury them up in a dust drift.” 1 

Of course, the sediment that is dropped may be picked up again 
by later winds. Fragments that have been rolled along and stopped 
by an obstacle may in time completely cover it, and then their on¬ 
ward march will be resumed. Most wind-transported fragments are 
eventually dropped or driven into bodies of water, adding to the 
sediment deposited in beds of streams and on the floors of lakes, seas, 
and oceans. Almost equally effective sanctuary is offered by regions 
covered with abundant vegetation, especially forested areas. 

RESULTS OF WIND WORK 

The results of wind activity include denudation or lowering of 
land areas, erosional features made by wind sculpture, and several 
types of sedimentary deposits. 

Denudation. Denudation is the removal of material 
lying at the surface. The wind is one of several agents performing 
this work. Wind denudation is known as deflation. A quantitative 
estimate of the amount and rate of deflation is difficult to make. 
Geikie 2 cites an estimate that about eight feet of soil has been swept 
off the Nile delta during the last 2,600 years—a rate of nearly four 
inches per century. He also describes old fortifications in northern 
China the foundations of which have been laid bare by wind erosion. 
When one observes the amount of dust that is borne through the air 
by a high wind lasting but a few hours and considers what this vol¬ 
ume would be over a geologic period millions of years in length, he 
begins to appreciate the importance of wind denudation. Further¬ 
more, in the earlier geologic periods there was little or no vegetation 
on the land, and the grasses, the most important soil retainers of all, 
4td not become widespread until late in geological time. Hence, 
wind erosion must have been far more important in the past than it 
is today. 

, Wind sculpture. Abrasion by the wind produces a 

number of curious effects, especially in deserts and other areas of 
low rainfall where the lack of vegetation makes for maximum expo¬ 
sures of rock surfaces, minimum impediment to wind velocity, and 

i Geikie, Sir Archibald, Text-book of Geolop 4th edition, VoL I, pp. 438-439. 
London: Macmillan and Company, 1903. 

* Geikie, Sir Archibald, op. cit., Vol. I, p. 435. 
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an abundant supply of “tools” with which the wind abrades. Rock 
surfaces become polished, pitted, and* grooved by the grinding and 
polishing effect of wind-driven sand, and individual pebbles may 
have triangular faces cut upon them. 

Winds scoop out shallow depressions (“blowouts”) on the earth’s 
surface, where the rock mantle does not have a protective cover of 
vegetation. Many small lakes, both intermittent and permanent, lie 
in such wind-scooped basins. 


DEPOSITS 

Wind-blown deposits are part of the transported rock mantle. 
These deposits may overlie older mantles, either residual or trans¬ 
ported, or they may cover bed rock surfaces. Transported mantle, 
formed by wind or running water, differs from residual mantle in 
that the material composing it is either stratified, due to the sorting 
effect of the transporting medium, or is homogeneous in size. 

Dunes. Sand dunes are the best known of the wind 
deposits. They originate because of the accumulation of sand which 
has drifted along the surface until piled up by an obstruction. The 
sand may have come originally from the banks of a river, the bed of 
a dry water course, a lake or ocean beach, from a desert basin, or it 
may have been freed by the disintegration of sandstone. Sand dunes 
are most abundant (1) in desert regions where the dryness and the 
lack of vegetation make an abundance of loose material available, 
(2) along coasts where a combination of onshore winds and a supply 
of beach sand is favorable to their growth, and (3) in the vicinity of 
rivers, especially on the leeward side where sand from the river bed 
and banks is picked up by winds blowing across the river. River 
dunes are most common where a stream passes through a semi-arid 
belt and its water sinks out of sight during dry seasons so that sand 
deposited by floods is exposed to the wind. Dunes may occur also in 
upland areas of average rainfall where sandy soil in fields exposed to 
a broad sweep of wind has been laid bare by cultivation. Such dunes 
are most abundant in areas of seasonal rains where the surface soil 
becomes exceedingly dry during the rainless periods. * 

The obstruction which impedes the drifting of sand may be a 
tree, a bush, a small topographic irregularity, a boulder, a fence, or 
even a house. Once a small sand hill or dune has been formed, the 
dune itself acts as an- obstacle and growth continues, so that events 
ally the dune may be many times higher than the original obstruc- 
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tion. If the wind causes the dune to migrate, the obstruction may be 
left behind, perhaps to serve as a nucleus for the building of a new 
dune at that point. 

Some dunes appear to be stationary, others are migratory. They 
move, of course, in the direction of the prevalent wind. Forward 
motion is not accomplished by actual pushing of the dune, but by 
removal of grains from the windward side and deposition on the 
leeward. Sand grains are picked up by the wind at the base of a dune, 
blown up the slope in a “stream” several inches high and over the 
top where gravity causes them to roll down the relatively steep slope" 
on the other side toward the base of the dune. Repetition of this 
process by every grain of sand in a dune will move the dune forward 
its own width. 

Sand dunes vary greatly in shape and size. One very characteristic 
type has a quarter-moon outline. Of the many others, some are cir¬ 
cular or elliptical in plan, a few are very elongate or ridgelike, and 
quite a number are so irregular in form that they cannot be classi¬ 
fied (Fig. 14). The linear dunes are created by winds predominantly 
from one direction; circular and irregular forms result from variable 



Fig. 14. Sand dunes of irregular shape in Imperial County, California, west of 
Yuma, Arizona. By permission Spence Air Photos. 
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winds. Many dunes, regardless of plan, have the same general shape 
in cross-section. The slope in the direction from which the wind 
comes is gentle, whereas the slope on the leeward side is steep. Wind¬ 
ward slopes are made by the force of the wind itself. The steepness 
of the leeward slope is, of course, dependent upon the angle of repose 
(steepest slope at which loose material will stand) of the sand. If the 
sand is rounded, the angle of repose will be less than if the grains 
are somewhat angular and consequently have a tendency to interlock. 

The height of sand dunes varies greatly. The average the world 
over is probably considerably less than fifty feet. The sand dunes on 
the southeastern shore of Lake Michigan reach heights of 100 and 
200 feet, as do the dunes in the deserts of Australia. Probably the 
largest sand dunes are in Great Sand Dunes National Monument, 
Colorado, where some exceed 500 feet in height and may reach 1,000 
feet (Fig. 15). The length of an individual dune also varies greatly. 
Most of them do not exceed a quarter of a mile in length, but in 
deserts where there are great areas of parallel dune ridges, each one 
may be many miles long. 

Quartz, because of its abundance in the rocks of the earth’s crust 
and its resistance to chemical decay, is the dominant mineral in most 
dune sands. However, a special type of sand dune is found on coral 
islands, such as the Bermudas, where on-shore winds have caused the 
accumulation of thick deposits of small rounded grains of limestone 
produced by wave erosion of coral reefs. Rain water percolating 
through the limestone sand dissolves calcium carbonate and repre¬ 
cipitates it as cement between the grains. In a relatively short time, 
these calcareous dunes become limestone rock. 

Another unusual dune sand is found in the White Sands National 
Monument in southern New Mexico, where glistening white gypsum 
sand in dunes up to 60 feet high covers an area of more than 500 
square miles. Here the animal life has adapted itself to its environ¬ 
ment by a change of color. Lizards and mice are white, and even 
spme of the insects are extremely light in color. 

The scooping of shallow lake basins by the wind has been de¬ 
scribed. In such basins excavated between dunes, small lakes are occa¬ 
sionally present. More often, however, the high permeability of the 
sand does not permit the existence of lakes in the interdune depres¬ 
sions, except during wet seasons when the water table is abnor¬ 
mally high. 

Most dunes are furrowed by ripples which lie parallel to each other 
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and at right angles to the direction of wind movement. Ripples are 
miniatuie dunes. They move slowly up the windward slope of a dune 
until the crest is reached. Some have suggested that ripples, occurring 
on a sandy surface, can initiate dunes without the assistance of vege¬ 
tation or other obstacle. 

Because wind is a very effective sorting agent, all of the sand grains 
in a dune are nearly equal in size. The surface of the quartz grains 
commonly are roughened or frosted because of wear during trans¬ 
portation. 

Migrating dunes often cause considerable damage. If they advance 
onto tillable land, it may become valueless for agricultural purposes. 
Trees and even forests have been entombed by traveling dunes. The 
tops of trees project above the dunes on the southeastern shore oi 
Lake Michigan. Advancing sand dunes may seriously interfere with 
streams, since they dam valleys and force streams to find new chan¬ 
nels. Even towns have been overwhelmed by advancing dunes. Lyell 
states “The burying of several towns and villages in England, France, 
and Jutland, by blown sand is on record; thus, for example, near St. 
Pol de Leon, in Brittany, the whole village was completely buried 
beneath drift sand, so that nothing was seen but the church spire.” 3 
After burying a forest or a village, dunes may march on, leaving be¬ 
hind a devastated countryside of dead trees and collapsed buildings. 
Dunes move so slowly that it takes several decades for advancing sand 
to bury an object and expose it again by migrating onward. 

Although most dune-covered areas are waste lands from a stand¬ 
point of soil productivity, they are not without scenic interest. The 
unusual topography, combined with the bleakness and barrenness of 
the dunes, gives such regions a certain amount of charm. For this 
reason, the United States has created the Great Sand Dunes National 
Monument in the San Luis Valley of southern Colorado. Within this 
national monument, which covers approximately 46,000 acres, are 
the highest sand dunes in the United States, if not in the world. They 
have been formed by the prevailing winds from the west driving sand 
across the San Luis Valley, the bed of an ancient lake. The sands are 
entrapped in a great embayment in the Sangre de Cristo Mountains, 
which form a scenic background for the Great Sand Dunes (Fig. 15). 
The dunes are visible for many miles to the traveller who approaches 
from the west, and they loom larger and larger as he gets closer. The 

3 Lyell, Charles, Principles of Geology , London: John Murray, Albemarle Street, 
o. 699, 1847. 
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fact that they are hills of loose sand becomes increasingly difficult to 
believe. But when the traveller reaches them and starts the laborious 
climb up the “world's largest sand piles," he is quite convinced of 
their real nature, for walking in the loose sand is most arduous. The 
highest dunes are near the center of the area. Their summits lie more 
than five hundred feet above the floor of San Luis Valley. Between 
many of the dune summits are depressions, or “blowouts" several 
hundred feet deep. The dunes are restless; the sands move continue 
ously up the flanks of the dunes even in a moderate wind, and a 
strong breeze produces streamers of sand flying to the leeward from 
the summits. The windward flanks of the dunes are characteristically 
ripple-marked. 

Dunes are also abundant on Cape Cod, Massachusetts, contribut¬ 
ing much to the fascination of this district. Another popular dune 
area lies on the southeastern shore of Lake Michigan. 

Even from an economic standpoint dunes are not entirely without 
value. Because of their porosity, dune sands make ideal reservoirs for 
rain water, and supplies are obtained from them at several places in 



Fig. 15. Great Sand Dunes National Monument, Colorado, with Sangre de Cristo 
Mountains in background. By M. F. Denny . 
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the Mississippi Valley. In some instances, the dunes overlie rock for¬ 
mations containing beds of salt and gypsum, so that, were it not for 
the supply in the loose sands, usable ground water would not be avail¬ 
able. Furthermore, dune sands store rain water that would immedi¬ 
ately run off otherwise, and allow it to seep gradually into the streams 
and give them a more consistent flow. Some dunes are exploited for 
the fine sand which they contain. 

Loess . One type of wind blown dust known as loess 4 
is found in thick deposits in a number of regions. It characteristically 
has a yellowish brown color. A microscopic examination shows that it 
is mainly a mixture of fine quartz, grains of feldspar, and clay miner¬ 
als. The particles are angular, but effective sorting by the wind has 
made them remarkably uniform in size. Loess may contain fresh¬ 
water snail shells, which are attracted by the high calcium content. 

Perhaps the most remarkable characteristic of loess is its ability to 
stand in almost vertical banks where cut into by streams, valleys, 
roadways, or other excavations. The angularity of the particles devel¬ 
ops considerable coherence in the deposits. Exposed faces in loess in 
many places show a multitude of hollow vertical tubes which extend 
several feet below the surface. They are root holes left after the plants 
have decayed, and they tend to give the loess a vertical parting. Un¬ 
like most types of sediment, loess deposits lack visible evidence ol 
stratification. 

Loess was first described from the Rhine valley in Europe, but sub¬ 
sequently it has been found in southeastern Europe, the Mississippi 
valley region in North America, and in China. The deposits in the 
Mississippi and Missouri River valleys, although widespread, are best 
developed in Iowa, Nebraska, and northern Kansas (Fig. 16). Here 
the average thickness of the loess is about twenty feet, but in places it 
is much thicker. The total volume, however, is insignificant com¬ 
pared with that of the Chinese loess which covers more than a half¬ 
million square miles and in places attains a thickness exceeding one 
thousand feet. The sweeping of this yellow dust into streams has 
given the Yellow River its name,' and also the Yellow Sea into which 
the river flows. Loess deposits are exceptionally fertile, so loess- 
covered regions are intensively cultivated where the climate permits. 

The impalpable character of the material combined with its wide- 

4 This word is variously pronounced as though it were spelled lots, less, luss, lerss, 
and loss. The last is the recommended pronunciation, but many people find the Ger¬ 
man umlauted “o’* difficult. 



Fig. 16. Loess in highway cut east of Highland (Doniphan County), Kansas. 

By IV. H. Schoewe. 

spread geographic distribution has led most geologists to conclude 
that loess is a wind deposit. On the North American continent the 
deposits are thickest and most abundant around the borders of the 
great, geologically recent ice sheets. This fact, taken with the hetero¬ 
geneity of mineral composition, has led to the theory that some of 
this loess, at least, was originally glacial sediment which was ground 
to fine powder by ice and subsequently blown over neighboring 
areas. There is no doubt that much of the material was transported 
for some distance by the rivers draining the glaciated areas before 
being picked up by the wind. In other parts of the world, notably in 
China, the loess has had a different origin. The source of the Chinese 
loess is known to be disintegrating rock surfaces in the Gobi of 
central Mongolia. 

Volcanic ash. Wind-blown deposits of volcanic ash or 
dust occur near the Pacific border, in the Rocky Mountain states, and 
on the Great Plains, especially in Kansas and Nebraska. The Great 
Rains ash was probably ejected by the Capulin group of volcanoes 
" in northeastern New Mexico during the same relatively recent epoch 
when various parts of the world were glaciated. The prevailing 
southwesterly winds carried this ash over parts of Colorado, Okla- 
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homa, Kansas, Nebraska, and even into western Iowa. When it first 
settled out of the air it was thinly, but rather evenly, distributed over 
a very broad area. Subsequently the wind drifted the ash, and much 
of it was blown into streams and borne seaward, A few of the drifts, 
however, came to rest in depressions or lakes where they were pro¬ 
tected from further erosion by wind and running water, and so have 
been preserved to the present day. Some of these deposits are ex¬ 
ploited, mainly for use in household cleansers and silver polishes, 
because of the angularity and hardness of the minute grains. A few 
examples of scattering of volcanic ash by wind during historic times 
will be described in Chapter 10, on vulcanism. 

Placer deposits . The concentration of relatively heavy 
minerals by a transporting agent produces placer deposits. Most de¬ 
posits of this type occur in the beds of streams where running water 
was the transporting and sorting agent. However, wind also sorts 
materials according to their weights, and, if a wind-blown sand con¬ 
tains minerals of varying specific gravity, the heavier minerals will 
not be carried as far as the lighter and will become concentrated 
during deposition. Diamond deposits of this type are exploited in an 
extremely arid region in southwest Africa. 

WIND AND MAN 

Man has used wind as a source of power on both land and sea 
throughout historic time, but he has also suffered, and still suffers, 
from damage by activity of the wind. 

Hurricanes and tornadoes. The strongest winds are 
those accompanying two special types of storms: hurricanes and tor¬ 
nadoes. As compared with cyclonic storms, hurricanes have a small 
diameter but are of great violence. They originate over tropical 
oceans. Hurricanes may cause considerable damage to shipping and, 
when they move over the land, general devastation results. The Gulf 
and South Atlantic coasts of the United States have been visited by 
a number of storms of this type. The hurricane that devastated Gal¬ 
veston in 1900 blew with a velocity of 80 to 100 miles per hour and 
carried away the wind-recording instruments at the Government 
weather bureau. Subsequently, the wind increased to an estimated 
speed of 120 miles an hour. Wind of such velocity tends to level 
everything before it. Sand, pebbles, boulders, and even large slabs of 
loose rock are swept through the air. Trees are uprooted and houses 
and buildings blown down. Some of the Florida cities have been al- 
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most destroyed by hurricane winds, and huge waves that accompany 
hurricanes attack the shore with spectacular vigor. 

A hurricane as devastating as it was unexpected visited New Eng¬ 
land in the early fall of 1938. This storm ranks first among those 
occurring in the United States in terms of property damage, which 
amounted to several hundred million dollars. Here are excerpts from 
an article describing the New England hurricane: 

The wind's destruction commenced about 2:30 p.m. along the 
south shore of Long Island, and ceased above the Canadian border 
after midnight. The disaster was three-fold. Over sea beaches storm 
waves of the hurricane, few in number, but towering as high as 40 
feet, swept everything away. Terrific winds carried destruction in¬ 
land. Torrential rains swelled streams, already flooding from earlier 
downpours. 

Seven states and the Province of Quebec counted close to 700 
fatalities. A seaboard as wealthy as any in the world, and its hin¬ 
terland . . . felt the shock. There had been no warning worth the 
mentioning; telephones and coast-guards were scarcely called to 
service. A sophisticated population died by hundreds with little or 
no knowledge of what raw shape of death this was which struck 
from the sky and the tide. . . . 

Not until almost midafternoon of September 21 did the rapid fall 
of barometers in New York City itself suggest to Weather Bureau 
officials cloistered in office buildings that the dreadful invader from 
the south had refused to follow precedent by recurving northeast to 
open sea. By three p.jn. the warning went out from New York City 
that a hurricane center would pass over Long Island and Con¬ 
necticut late this afternoon or tonight, attended by shifting gales. 
Even this tardy warning was not adequately spread, and already the 
inner spirals of the wind were screaming against Long Island. 

Days before, while the fledgling hurricane still was swooping 
northwestward from its nest in the doldrums, experienced Florida 
had battened down. But there were no preparation made Wednes¬ 
day afternoon from Cape May to Maine. Dwellers in summer cot¬ 
tages and fishing settlements remained uninformed of peril until 
the unchained wind and sea informed them. Meteorology long has 
taught what the effects are when a hurricane crosses a coast line. 
For far too many people that afternoon the knowledge came too 
vividly and too late. . . . 

The south shore of Long Island and the exposed Connecticut and 
Rhode Island shores east of Montauk Point faced the full force of 
the seas. Along these coasts beach after beach was scoured. At West 
Hampton of a 30-room mansion no single vestige remained. Seven¬ 
teen refugees huddled chest deep in sea water on the second floor of 
one' when the walls at last gave way. Survivors lost not only their 
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houses; many lost houses and lots; lor the beach was deeply chan¬ 
neled. In Suffolk County the reduction in assessed valuation of real 
estate is estimated at $50,000,000. Elaborate lawns a mile from the 
sea at Quogue were under breakers two feet high; a cottage washed 
across with ten people on its roof. . . . 

Long Island Sound was beaten to one unbroken sheet of foam. 
Both shores were invaded by wind-driven tides. Along the mainland 
coasts from Stonington to Buzzards Bay, where Long Island no 
longer serves as a breakwater, the storm waves were murderous. Nar- 
ragansett Bay suddenly flooded downtown Providence. People who 
watched the surf were snatched into the sea, even from behind the 
steering wheels of their cars. 

From the seacoast to the border, from western Maine to eastern 
New York, there was wicked damage to trees. As example: of a grove 
of 40 noble white pines around a cottage on Lake Winnepesaukee, 
39 are down, several across the cottage. Of 3,000 sugar maples in one 
planting in central Vermont, 100 were counted standing. 5 

Tornadoes are low-pressure storms even smaller in diameter than 
hurricanes. Instead of being measured in terms of many miles, the 
path of devastation left behind by a tornado may be but a few yards 
wide. The wind rushing in toward the center of a tornado may move 
at three or four hundred miles per hour. It follows a circular or spiral 
route into the low presssure area. Damage is done both by the ex¬ 
cessive force of the winds that are drawn into the abnormally low 
pressure area at the center and by the low pressure itself. When the 
"core” of a tornado surrounds a building it is as though the structure 
had suddenly been plunged into a chamber in which a partial 
vacuum exists. The air pressure inside is much greater than outside 
and unless there are sufficient avenues for sudden escape of the inside 
air the structure literally explodes, and the walls fall out. 

To an onlooker from a distance, a tornado appears as a large black 
funnel-shaped cloud with the tapering end of the funnel hanging 
downward (Fig. 17). As the tornado travels across the country the 
funnel swings back and forth, like an elephant’s trunk, the tapered 
end sometimes brushing the ground and at other times rising high 
into the air. Wherever it drops and wherever it swings devastation 
results (see Figs. 17, 18, and 19). In passing through a city a tornado 
leaves in its wake a path like that made by a lawnmower when pushed 
through high grass. Houses on one side of a street may be completely 
razed, whereas those across the street remain undamaged. Lifting of 

5 Stewart, John Q., “New England Hurricane," Harpers Magazine, January, 1939, 
pp. 198-204. 



*; » , 17 ’, A . tornado 8trikes near Gothenburg, Nebraska. Upper left: The 
KS tShS tornado appears. Upper right: the tornado appeals. 
,eft - The tornado approaches. Lower right: The tornado strikes. 


Keystone View Company. 
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Fig. 18. After the tornado strikes. Columbus, Kansas, March, 1938. The tor¬ 
nado came in at lower left, crossed the picture area to the lower right, turned 
and proceeded diagonally across picture to upper left where freight cars on 
siding were overturned. By Jack Wally. Courtesy Kansas City Journal Post. 



Fig. 19. Freight train after the tornado passed. Near Medicine Lodge, Kansas, 
May 7, 1927. Binning Photo. 
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the “trunk” here and there explains the occurrence of entirely un- 
damaged areas along a tornado’s path. The destructive action of tor¬ 
nadoes has been tersely described by Milham in the following 
words: 

Due to tornadic action, large trees are stripped of their branches, 
broken off near the ground, or torn up by the roots; heavy brick and 
stone buildings are crushed and destroyed as if they were card 
houses; tin roofs are torn from buildings and are carried many miles 
through the air; loaded cars and even locomotives have been blown 
from the track; heavy iron girders have been carried over the tops of 
buildings; iron bridges have been moved from their foundations. 
Straws have been driven through boards, laths through trees, and 
small sticks of timber through iron plate. When the funnel cloud 
strikes a building, it often seems to explode. The roof is carried up 
and the side walls fly apart. Chests explode; corks are drawn from 
empty bottles; chickens are stripped of their feathers. Soot is often 
seen to rise in quantity from the chimneys of nearby houses and 
window panes often fly outward. 

The noise which accompanies a tornado is tremendous. It has 
been likened to the noise of a thousand express trains rushing 
through tunnels or to the sound produced by thousands of wagons 
loaded with iron and moving rapidly over an uneven pavement. 
The uproar is so great that the crash of individual buildings is 
seldom heard. 6 

Dust storms. The decade of 1931-1940 saw many se¬ 
vere dust storms in the United States. Much of the dust came from 
the so-called “Dust Bowl” in the southern Great Plains which in¬ 
cludes parts of Colorado, Kansas, Oklahoma, Texas, and New Mex¬ 
ico. Usually, as during the ’thirties, the abundant dust becomes 
available because of destruction of the protective cover of vegetation 
by overgrazing and improper cultivation, followed by a period of 
prolonged drought. The wind, which persistently sweeps across this 
flat area, picks up the exposed dry soil, forming an immense cloud 
reaching high into the air and transports the dust for varying distances. 
To the onlooker, an approaching dust storm most often appears as a 
sharp, dense black cloud (Fig. 20). This “blackout curtain” reaches 
to the ground and when it arrives blots out the sun so that semi¬ 
darkness follows. A second type of dust storm is heralded simply by a 
gradually increasing haziness of the air. With the storm’s arrival, 
swirling dust penetrates every possible opening. Housewives seal the 
cracks around the edges of windows and doors with adhesive tape in 

- # 

6 Milham, W. I.. Meteorology. New York: The Macmillan Co. 1929 pp. 336-337. 
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Fig. 20. A dust storm coincs to town. Conard Photo . 

order to reduce dust infiltration. Outdoors all traffic, even move¬ 
ments of trains during the severest storms, conies to a standstill. 
Automobilists find that at times the limit of their visibility is the 
radiator cap. Even pedestrian travel is hazardous, and children are 
kept at school or at home, until the storm abates. Fine dust clogs the 
nostrils, making dust masks advisable. With the passing on of the 
storm, the dust becomes thinner and travel can be resumed. The 
sun reappears, but, as do automobile headlights and street lights, it 
has a peculiar bluish color caused by the (lust’s filtering out of the 
colors toward the red end of the spectrum. A thin deposit of dust 
blankets the countryside like a light fall of snow. The air slowly 
clears, and breathing becomes easy once more. 

The importance to the farmer of the loss of this soil cannot be 
overemphasized because, as has already been pointed out, the fertile 
.part of any soil is the top few inches (Fig. 21). Of course the dust 
[eventually settles and adds to the fertility of the soil in other areas, 
[but the increment received during a single decade ordinarily is 
[slight. Over a long period of time, however, dust deposition undoubt¬ 
edly has enriched the soil of many regions, and many fertile farm- 
lands of today probably owe the richness of their soil to dust trans- 
! ported by the wind. 

Locally, the blowing soil may tend to accumulate in drifts, due to 
^retardation by irregularities on the surface, including those erected 
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by man (Figs. 22 and 23). For the time being cultivation of the 
drifted areas is not possible. 

Conservation methods of controlling wind erosion. 
Soil erosion has increased at such a rapid rate in recent years that the 
United States Department of Agriculture created the Soil Conserva¬ 
tion Service to investigate methods for retarding the destruction. 
This bureau, after studying the problem, has made several sugges¬ 
tions, the general adoption of which doubtless would greatly decrease 
wind erosion of soil. Among the recommendations are: 

1. Planting row crops such as corn on the contour (an imaginary 
line connecting all points of equal elevation) instead of north and 
south or east and west as ordinarily done. Where the crop rows 
follow the contour, rainwater and melted snow cannot escape so 
easily; instead they have sufficient time to sink into the soil. This 
additional moisture aids in retarding removal of soil by wind, and 
at the same time stimulates the growth of a protective cover of 
vegetation. 

2. Instead of a solid stand of a single crop, in certain localities 
alternating strips of two different crops should be planted across 
the path of the prevailing wind. In this way the winds are diverted 
upward by the strips containing the taller plants. 

3. The farmer should leave the stubble in the field through the 



. Fig. 21. Fertile soil blown away, except for hummock where vegetation has 
held. Holt County, Nebraska, June 6, 1936. Courtesy Soil Conservation Service, 
U. S. Department of Agriculture . 


Fig. 22. Drifting soil lodging along fence and covering road. Beadle County, 
South Dakota, 1935. Courtesy Soil Conservation Service, U. S. D. A. 



Fig. 23. Farm machinery' buried beneath drifted soil. Gregory County, South 
Dakota, May 15, 1936. Courtesy Soil Conservation Service, U . S. D. A. 
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winter after harvesting instead of plowing it under. “The stalks help 
to protect the soil from blowing in winter; the roots bind the soil 
and keep it on the field." 

4. Trees planted on the windward side of fields break the force of 
the wind and divert it upward, thereby reducing wind erosion and 
the drying out of adjacent soil. 

5. Where wind erosion has already been so severe that it is diffi¬ 
cult to get the crop started, “rough tillage" should be practiced. 
This method of cultivation tends to leave lumps or clods, instead of 
pulverized soil, on the surface, and creates a series of ridges and 
pockets which preferably should cross the field at right angles to the 
prevailing wind direction. The ridges cause some upward deflection 
of the wind and serve as a trap to drifting soil. The pockets provide 
maximum storage of rain or snow water. 7 

For some areas, major readjustments in land utilization should be 
made. Where soil moisture is consistently inadequate, attempts to 
plant staple crops such as wheat should be abandoned. In their place, 
sorghum, or some other cover crop, should be grown. Such crops 
give the surface soil much better protection against blowing because 
of their network of roots. Areas where it is impossible for a farmer 
to make a living through cultivation of the soil should never have 
been broken by the plow and should be regrassed where possible. 

7 Abstracted from U. S. Department of Agriculture Soil Conservation Service, Region 
Nine, Soil and Water Conservation in the Northern Great Plains, Washington, D. C., 
U. S. Government Printing Office, 1937. 
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Ground Water 


Ground water is an abbreviated term 
for underground water. Rarely does ground water have such freedom 
of movement that it can erode physically; its geological work is 
largely chemical in character. The net effect of ground water activ¬ 
ity is to lower the land. 

Ground water is of great importance to mankind, for many regions 
are totally dependent upon it for water supply. Furthermore, all 
rivers, other than those fed by melting mountain snows, owe their 
permanence to the seepage of ground water into the stream-bed. 
Without it they would carry water only during and immediately fol¬ 
lowing rains over the drainage basin. 

Ground water activity has produced many places of unique scenic 
and recreational value, including twelve national monuments and 
parks in the United States. 

Origin. There are several sources of ground water, 
but the principal one is the precipitation that falls onto the earth’s 
surface. This water is called meteoric water. The volume of meteoric 
water that eventually reaches the ground water zone is the remainder 
after evaporation, surface run-off, and vegetation have taken their 
toll. Therefore, the amount actually received is dependent upon the 
humidity of the air at the surface, the speed of the fall, the slope of 
the surface, the porosity of rock, and the amount of vegetation. The 
proportion of rain water or melted water from snow and ice that be¬ 
comes ground water varies widely from place to place and in a given 
locality from day to day. On the average, probably not more than 
twenty or twenty-five per cent of the meteoric water becomes ground 
water. 

Additions to the ground water supply also occur where the water 
table (upper surface of ground water) drops below the lowest surface 
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levels so that lakes and streams tend to drain underground. The be¬ 
havior of streams in passing through regions of deep water table 
will be described in the next chapter. 

Much of the underground water in sedimentary rock areas was 
deposited with the sediment and is called connate water. When sedi¬ 
ment is deposited beneath water, as in a lake or an ocean, the spaces 
between the grains are filled with water. Thus oil wells often en¬ 
counter much salt water which was trapped in the sediment at the 
time of deposition. As a general rule, water buried in marine sedi¬ 
ments is more mineralized than sea water because, in the millions of 
years that it has been in the rocks, it has dissolved additional min¬ 
eral matter. 

In regions of relatively recent volcanic activity, water from deep- 
seated magma, known as magmatic water, is added to the ground 
water supply. Examples are to be found along the Pacific coast of 
North America and in Yellowstone Park. 

Soil moisture. Although recoverable ground water is 
limited to that which lies below the water table, the zone of soil 
moisture is a water reservoir used by, and essential to, most plants. 
This zone lies immediately beneath the surface. The water stored in 
it is attached to the soil particles, and is removed by the roots of 
plants. The amount required each year to maintain plant life in 
most areas is several times the amount in storage in the soil zone at 
any one time, so the soil moisture must be periodically replenished 
by rainfall or irrigation. No downward seeping rain water can reach 
the water table until the soil moisture reservoir has been filled to 
capacity. For this reason none of the rain following a drought may 
reach and replenish the ground water reservoir. 

Ground-water reservoirs. Water is present under¬ 
ground almost everywhere, but at widely varying depths and with 
considerable differences in abundance and quality. The volume of 
water in an underground reservoir depends upon the porosity of the 
rock. The availability of this water for use depends upon the perme¬ 
ability of the rock; that is, the ability of water to move through the 
open spaces. Rocks which are both porous and permeable are called 
containers, such as sandstones and rocks which are porous but rela¬ 
tively impermeable are retainers. Examples of retainers are clay and 
shale, which have a relatively high porosity because of the presence 
of a multitude of open spaces between mineral grains. These pores 
may be filled with water, but the openings are so minute that the 
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water cannot move. This “fixed” ground water is in what might be 
called dead storage. It cannot be exploited. Still a third type of rock, 
such as granite or quartzite, has practically no porosity whatsoever 
so is neither a container nor a retainer. 

Sometimes a container is known also as an aquifer although the 
latter term is customarily restricted to ground-water reservoirs con¬ 
taining usable water supplies. 

Granular rocks, such as sandstones, are outstanding examples of 
ground-water reservoirs. Sand grains because of their shape cannot 
be packed so closely together that open spaces or voids are elimi 
nated. As much as forty per cent of a sandstone may be composed of 
voids. A stratum of sandstone twenty feet thick and full of water 
would therefore contain the equivalent of eight feet of water. Since 
voids are inter-connecting, movement of water in any direction is 
possible, provided, of course, that the voids are super-capillary (large 
enough that water can flow through them). 

The porosity of a sandstone depends upon three things: the degree 
of homogeneity in the size of the grains, the angularity of the grains, 
and the degree of cementation between the grains. A sandstone com¬ 
posed of mineral grains of approximately the same size will have 
greater porosity than one in which their size varies greatly, for in the 
latter case the pores between the larger grains may be filled with 
finer material. The more angular the grains, of course, the more 
closely they can be packed. A sandstone in which the grains have 
been completely cemented together has no porosity. Fortunately for 
many regions dependent upon underground water, this situation 
rarely exists. Ordinarily only a part of the pore space is filled with 
cement. Entirely uncemented granular material, such as sandy soil 
or sandy flood plain alluvium, has maximum porosity and can store 
a large quantity of water. 

Water also occurs in solution cavities, such as limestone caverns, 
through which the water flows as underground rivers. More com¬ 
monly the cavities are small and the water moves through them very 
much as it does through the pores of a sandstone. A limestone known 
as the “Arbuckle” lies deeply buried under many thousands of square 
miles in the mid-continental part of the United States west of the 
Mississippi River. Its uppermost thirty or forty feet is very porous 
because of ground-water solution many millions of years ago when 
the limestone lay near the surface. This porous zone is full of water 
except locally where oil has taken its place. The reservoir conditions 
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for the underground storage of oil and gas are the same as those for 
water. 

Lava flows are characteristically porous in their upper portions 
because of the escape of magmatic gases which develop small cavities 
in the rock while the lava is solidifying. The gas bubble cavities, 
known as vesicles, are ideal channels for ground water if the lava is 
subsequently covered by later flows or sedimentary beds. Some of the 
largest ground-water reservoirs are buried vesicular lava flows. 

Some rocks, such as granite, gneiss, quartzite, and dense lime¬ 
stone, lack any appreciable porosity and are therefore quite imperme¬ 
able. In many cases, however, water can move through these rocks 
along joint cracks and fissures. A brittle rock may be so broken by 
joints that a considerable quantity of water is contained within the 
joint system. 

Underground reservoirs of water have both upper and lower 
limits. Above the upper surface, or water table, is the vadose zone of 
percolating water which is wet during and immediately following 
a rain. This percolating water joins the water in the underground 
reservoir (saturated zone) and temporarily raises the level of the 
water table, which therefore undergoes considerable fluctuation. 
During the dry season it may sink many feet, and during a prolonged 
rainy season it may rise close to or even reach the surface. The water 
table in humid regions may never be more than a few feet below the 
surface, but in arid regions its depth may be several hundreds of 
feet. Unlike the water surface in a lake, the water table is not hori¬ 
zontal. It is a compromise in relief between the horizontal and the 
topography of the overlying land surface. Where the rocks are very 
permeable, as is loose sand, the water table approaches flatness. In 
less permeable rocks the gradient of the ground water surface is 
steeper. The relief of the water table, then, depends upon both the 
surface topography and the permeability of the reservoir rock. 

The lower limit of ground water in homogeneous rocks is not as 
definite a plane as is the upper surface. Because of the weight of 
overlying material, rocks at great depths are more compact and have 
less permeability than rocks near the surface, but deep wells drilled 
to depths of over three miles have shown that sedimentary rocks 
continue to have sufficient porosity to carry water and oil even at 
those depths. The porosity undoubtedly diminishes downward, and 
eventually a depth is reached where the rocks are so compact that 
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water storage is not possible. Where water is stored in joint cracks 
and fissures, as in igneous and metamorphic rock, the maximum 
depth at which water exists is considerably less. A number of mines 
troubled with ground water that pours into upper levels through 
rock fissures are dry at deep levels because of the gradual pinching 
together of the rock on opposite sides of the fissures. 

Where the rock of the earth’s crust is not homogeneous, but con¬ 
sists of alternating layers of pervious and impervious rock, ground 
water occurrence is quite different. The water is confined to the per¬ 
vious layers, and the upper and lower limits of the ground water 
body are the upper and lower contacts of the reservoir rock. The 
water table concept is applicable under these circumstances only 
where the reservoir rock crops out. Then the upper level of water 
below the outcrop is the water table. 

Composition and temperature of ground water. 
Ground waters vary greatly in chemical composition. Relatively pure 
(unmineralized) water is usually confined to the near-surface zone 
where a fresh increment of rain water is periodically received. How¬ 
ever, rocks which consist of relatively insoluble minerals may contain 
fairly pure water to considerable depth. Examples are the waters 
which occur in sandstones formed above sea level and in fissures in 
igneous rocks. For practical purposes ground water may be classified 
as hard or soft, and saline or nonsaline. Hard waters contain magne 
sium and calcium compounds and, while potable, are not very satis¬ 
factory to use. Hard water requires an abnormal amount of soap to 
be effective in cleansing. It also tends to precipitate “scale” in pipes, 
tanks, and boilers, eventually so clogging or filling them that replace¬ 
ment becomes necessary. Soft water is either unmineralized water or 
water that contains none of the “hardening” compounds. It is so 
much more satisfactory than hard water for both domestic and indus¬ 
trial uses that many municipalities and even individual consumers 
either find a soft water supply or install artificial water softening 
equipment. 

Saline waters contain enough dissolved sodium chloride to be salty 
to the taste, as well as other mineral salts. “Mineral waters” contain 
compounds other than salt in abundance. Iron, sulphur, carbon di¬ 
oxide, and rarer substances may be present. Mineral waters are bot¬ 
tled in many places and sold for their alleged medicinal properties, 
but the therapeutic value of such water is often grossly exaggerated. 
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Connate water, magmatic water, and ground water of meteoric origin 
that circulate through rocks containing even slightly soluble miner¬ 
als may become mineralized. 

The temperature of ground water varies considerably from place 
to place. It tends, of course, to have the temperature of the enclosing 
rock; hence, the deeper the source of ground water, the warmer it is, 
for the average temperature of the rocks of the earth’s crust increases 
downward about one Fahrenheit degree in every sixty feet. Because 
the rocks have approximately the same temperature the year round, 
water emerging from a shallow spring is relatively cool during the 
summer months and warmer than the average surface temperatures 
during the winter. But where artesian circulation carries water be¬ 
low the surface to a considerable depth, it may be much warmer 
than the normal temperature of the rock from which it eventually 
emerges. The heat of hot spring water results either from ground 
water coming in contact with igneous rocks that have not yet cooled 
to normal temperatures, or to the intermingling of ground water 
with magmatic water or steam. 

MOVEMENT OF GROUND WATER 

Ground water is capable of motion, but in many instances the 
movement is insignificant and, except in caves, it always moves very 
slowly. Water underground obeys the law of gravity just as does water 
at the surface, and it will flow down any slope that may be present. 
Surface water joining the ground water will follow the gradient or 
slope of the water table. Therefore, most movement takes place in the 
upper part of the ground water zone. The artificial removal of water 
by means of drilled or dug wells lowers the water table in the vicin¬ 
ity of the well, but as long as the water table stays above the bottom of 
the well, the water will move through the reservoir rock into .the 
well. The speed of water movement underground depends upon the 
size of the pores, since the larger pores permit speedier movement 
because of less friction, and also upon the gradient of the water table. 
The down-valley movement of ground water in a river flood plain 
has been measured and found to be but a few feet a day. 

While, of course, there is always a large body of water under¬ 
ground, the increment resulting from downward filtration of rain 
and surface water tends to be balanced by the escape of ground 
water through artificial and natural causes. In some areas so much 
water has been produced from wells that the water table has been 
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lowered, and the volume of water stored underground materially 
diminished. The emergence of the water table at places of relatively 
low elevation permits ground water to escape and join surface run¬ 
off (Fig. 24). Where a valley cuts below the water table, ground water 
emerges into the valley through seeps and springs. In many instances 
the very bottom of the valley cuts the water table, and the water 
seeps directly into the river. Ground water also seeps into lakes and, 
in coastal areas, into the ocean. Where there is fairly uniform poros¬ 
ity of the rocks, the surface of the water in ponds, lakes, and streams 
marks the local elevation of the water table. A swampy area is pro¬ 
duced where the water table intersects the land surface. 

In addition to the methods of ground water escape just enumer¬ 
ated, there is some movement of water from a shallow ground water 
table to the surface by capillary movement. Ground water is also sub¬ 
ject to direct evaporation into the air that fills the voids between the 
surface and the ground water table. Other methods of ground water 
loss are removal by plants through their roots, and chemical combi¬ 
nation. Water unites with a number of compounds to form other 



Fig. 24. Water table, or top of ground water saturated zone. Where the 
water table intersects the surface a swamp (left), or a lake (right), or a stream 
results. By John Jesse Hayes. 
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compounds by a process known as hydration. An example of this is 
the transformation of anhydrite (CaS0 4 ) to gypsum (CaS0 4 ,2H 2 0). 

Springs . Most springs result from the emergence of 
the water table at the sides or bottom of a valley or at any other rela¬ 
tively low place. If the rock carrying the water is cavernous, like 
limestone which has been partially dissolved by ground water, the 
water may gush forth in great volume from a single opening. Where 
the rock is more consistently permeable, as a sandstone, conglomer¬ 
ate, or gravel bed, the ground water tends to seep out in many 
places. Some of the greatest springs in the United States occur where 
highly fractured and vesicular lavas outcrop along the walls of river 
canyons in Idaho. 

Some natural springs are artesian, the water rising to the surface 
because of pressure or “head” rather than because of the emergence 
of the water table. An artesian circulation exists only where (1) a 
permeable rock, such as a sandstone, lies between or beneath rocks 
that are impervious, (2) the permeable rock crops out or otherwise 



Fig. 25. Artesian water formation tapped by two drilled wells. The well at 
left is above the level to which pressure will force the water, so the water must 
be pumped through the uppermost few feet of casing. The well on the right is 
below the static or pressure level, so it is a flowing well. By John Jesse Hayes . 
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comes into contact with a supply of water at a relatively high eleva¬ 
tion, and (3) water in the permeable bed has opportunity to escape 
to the surface where the surface lies at a lower elevation than the 
point of entrance of the water. Escape may be due either to outcrop¬ 
ping of the permeable bed, or its penetration by a fracture or a fault 
(Chapter 11) that reaches the surface (Figs. 25 and 26). In some parts 
of the Rocky Mountains the sedimentary rocks form structural basins 
(basins formed by deformation of the rocks in the earth’s crust). Per¬ 
meable beds among these rocks receive water from rain and melting 
snow where they crop out high on the mountain Hanks which 
form the rim of the basin, and this water runs down the sloping beds 
to an outlet at a lower elevation where it emerges under pressure. 

In regions of recent igneous activity, springs result from upward 
movement of steam which carries with it ground water that it meets. 

Most springs, especially the very large ones, discharge cold water. 
A part of the rain that falls on a region joins the ground water circu¬ 
lation and later emerges as a spring. It ordinarily does not go deep 
enough to reach temperatures much higher than the average tem¬ 
perature just beneath the surface. Furthermore, if the reservoir rock 



Fig. 26. Flowing spring at outcrop of fault fracture that taps sandstone (ss) 
artesian aquifer (water-bearing formation). By John Jesse Hayes . 
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is cavernous, the water moves at such a rate that it does not have 
time to adjust its temperature fully to that of the rocks through which 
it passes. Warm springs exist where the ground water has pene¬ 
trated to considerable depth before rising to the surface. Some ar¬ 
tesian waters are noticeably warm. Hot springs are confined to re¬ 
gions of fairly recent igneous activity where the rocks a short distance 
below the surface are abnormally hot (Fig. 27). Cooling following 
igneous intrusion is very slow because the overlying rocks function 
as a very effective insulator. The ground water that penetrates the 
hot rock zone naturally becomes hot. It may also become mixed with 
hot magmatic water. Geysers are a special type of hot spring in which 
flow or eruption is intermittent. The main essential is a tubular 
opening or conduit extending from the surface downward into con¬ 
solidated but still hot lava. Inflowing water is heated above the boil¬ 
ing point, but is temporarily prevented from boiling by the weight 
of the overlying column of water. However, the water at some depth 
in the tube is eventually heated to the boiling point of water for 
that depth. The steam thus generated lifts the water above until it 
overflows, and this in turn reduces the pressure on the superheated 



Fig. 27. Hot spring producejd by natural artesian circulation through hot rocks. 

By John Jesse Hayes. 
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water in the columns so that it bursts into steam and eruption occurs. 
After the eruption subsides the cycle starts anew. 

Spring waters also can be classified as pure or mineralized. Pure 
spring water is rain water that has neither dissolved soluble minerals 
nor become contaminated by other waters in its travels underground. 
Mineralized spring water contains salts and other compounds in 
solution. The majority of so-called mineral springs owe their com¬ 
position to the presence of salt, gypsum, and other relatively soluble 
minerals in the rocks through which the ground water has passed. 
However, some springs, especially those occurring in volcanic re¬ 
gions, contain much rarer compounds which are probably of igneous 
origin. 

Springs vary in size from the small seepage used for water supply 
by the rural dweller to those which yield thousands of gallons a min¬ 
ute. There are several springs in the United States giving 500 second- 
feet or more of water. A second-foot is flowage of a cubic foot of 
water a second, or 448 gallons a minute. A spring yielding 500 sec¬ 
ond-feet of water would furnish 100 gallons a day to each individual 
in a city with a population of more than three million. Silver Spring 
in Florida is probably the largest limestone spring in the United 
States. “The water emerges through several openings into a basin an 
acre or more in extent and fully 35 feet deep, and gives nsj^to a 
navigable stream.** 1 The stream that heads at this spring has a>yridth 
of 110 feet, a maximum depth of 11 feet, and a velocity of over hj*lf 
a foot per second. The highest discharge reading for this spring is 
822 second-feet. New York City, when its population was five and a 
half million, used about this amount of water. 

Even larger springs issue from porous and fractured lava flows in 
Idaho. A series of these springs along a 50-mile stretch of Snake River 
between the towns of Milner and King Hill has an aggregate dis¬ 
charge of over 5,000 second-feet, adequate to supply more than one- 
fourth of the population of the United States. At most of the springs 
the water issues from the walls of the canyon at considerable heights 
above river level and drops in magnificent falls or cataracts to the 
river. Before the water was diverted for water power, Thousand 
Springs made a waterfall 2,000 feet long and 195 feet high. C^fier 
springs in this vicinity are also harnessed to develop electricity. 

Yellowstone Park contains about 3,000 geysers and hot springs 

l Meinzer, Oscar E., Large springs in the United States: U. S. Geol. Survey Water 
Supply Paper 557, p. 12, 1927. 
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(Fig. 28). The total volume of water emerging at the surface through 
the orifices is enormous. However, the region is one of heavy precipi 
tation, which accounts for the great volume of ground water. Never¬ 
theless, there is evidence that some of the water (including steam) is 
of igneous origin. Hot springs are known in many other parts of the 
world, but geysers are found only in Yellowstone Park, Iceland, and 
New Zealand. One other hot-spring area in the United States, lo¬ 
cated near the center of the state of Arkansas, has been set aside as a 
National Park. This was the first area to be set aside by an act of 
Congress for recreational purposes. Although originally established 
in 1832, the reservation was not given National Park status until 
1921. The hot springs are grouped at the base of Hot Springs Moun¬ 
tain, and their aggregate flow exceeds 850,000 gallons a day (a little 
less than one second-foot.) The water, which emerges through forty- 
six separate springs, is extensively used for curative purposes. Attrac¬ 
tive bathhouses have been built on the reservation, and people come 
from all over the country for treatment. However, the mineral con¬ 
tent of this water is very small, being considerably less than the water 
used in many municipal supplies. Other, more strongly mineralized 


Fig; 28. Exceptionally large 1 
UP Springs, 


hot spring deposit Jupiter Terrace, Mammoth Hot 
tional Park. Courtesy Union Pacific Railroad . 




67 


Ground Water 

springs are exploited for the alleged therapeutic properties of the 
water in many places, both in the United States and abroad. These 
serve as nuclei for health resorts and “spas.** 

WORK OF GROUND WATER 

Ground water acts as both a dissolving and a depositing agent, but 
the volume of rock removed by solution is much greater than the 
volume of material deposited, so that the net effect of ground water 
activity is destructive. The destruction is rarely visible, as it is with 
wind, running water, and other agents of erosion, but it is neverthe¬ 
less effective. As will be discussed more fully later, ground water also 
plays a passive role in “lubricating” soil and rock on the flanks of 
hills, causing landslides. 

Solution. Pure water is not an effective solvent of any 
but the most soluble minerals, such as salt. However, most under¬ 
ground water already contains compounds in solution which greatly 
increase its solvent effect. Of these, one of the most active is carbon 
dioxide, a gas which, when dissolved in water, makes carbonic acid, 
a very effective solvent of limestone. Most of the carbon dioxide 
comes from soil bacteria, vegetation, and decaying organic matter. 
Other acids also may be present in ground water. 

The most vulnerable rocks are salt and similar compounds which 
are deposited by evaporating seas or lakes. Gypsum and anhydrite, 
two forms of calcium sulphate, arc dissolved not as readily as salt, 
but more readily than most other minerals. The solution of limestone 
is most prominent because of the widespread occurrence of this rock. 
Calcareous cement in sedimentary rocks is likewise vulnerable, and 
its solution by ground water causes the rock to disintegrate and re¬ 
turn to its original incoherent condition. No minerals are entirely 
insoluble, and ground water, acting through geologic time, dissolves 
to some extent those which are ordinarily considered insoluble. 

Deposition . Precipitation from ground water is 
caused in several ways. Very important, especially where ground 
water nears and reaches the surface, is evaporation. If the water is 
saturated with mineral salts, slight evaporation will cause their pre¬ 
cipitation. A decrease in temperature also causes precipitation. 
Chemical reactions which take place between ground waters ana rock 
minerals result in precipitation in some cases and in the replacement 
of pre-existing minerals with new minerals in other cases. Since car¬ 
bon dioxide greatly increases the dissolvi ng'jpqwer of ground water, 
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its loss will cause dissolved calcium carbonate to precipitate. Carbon 
dioxide is a gas and is held in water in appreciable amounts only 
when the water is under pressure. Release of pressure due to the 
movement of water to the surface or into a subterranean opening 
permits escape of carbon dioxide. 

RESULTS OF GROUND WATER ACTIVITY 
Solution by ground water creates openings in the rocks; precipita¬ 
tion produces spring and cave deposits and cements grains of sand or 
other material together. 

Caves. One important phase of solution by ground 
water is the formation of pores in rocks at or near the surface. Like 
other methods of erosion, solution operates differentially, and the 
more soluble minerals are removed most rapidly. Therefore, a rock 
may first become pitted and later entirely dissolved. 

Much more striking solution products are caves in beds of lime¬ 
stone, gypsum, and salt. Limestone caves are largely confined to a 
relatively shallow zone where the ground water contains much more 
dissolved carbon dioxide, necessary for the solution of limestone, than 
it does at greater depths. Furthermore, at shallow depths the pres¬ 
sure created by the weight of the rock lying between the soluble layer 
and the surface is not of such magnitude as to prevent the existence 
of cavernous openings. Caves are started by solution along the walls 
of joint cracks through which it travels, and eventually these open¬ 
ings are widened into caves (Fig. 29). 

Some caves have been discovered through natural openings at the 
surface, or in the walls of ravines, and others in drilling for water and 
oil. For lack of any clues of their existence at the surface, more caves 
undoubtedly remain undiscovered than have been discovered so far. 

About the only generalization which can be made in regard, to 
the shapes of caves and caverns formed by ground water is that in¬ 
variably they are extremely irregular. Tunnel-like openings broaden 
out into huge rooms, and then the walls pinch together so that further 
passage is difficult or even impossible. Some caves consist of a series 
of passageways, with intervening chambers and rooms which may or 
may not be interconnecting. Caverns are not always confined to one 
level, for rooms overlie deeper rooms, or caverns may end on one 
level and continue at an upper one. The deepest passageways usually 
contain streams into which all of the water entering the cave system 
collects. The irregularity of caverns is due to (1) the location of 
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ground water channels, (2) the composition of the ground water, 
and (3) differential solution where parts of the rock are not equally 
soluble. The composition of ground water is important, for greatest 
solution will take place where the water first penetrates the soluble 
rocks, since it soon become saturated and can dissolve no more rock. 
The largest chambers mark places where the ground water first en¬ 
tered the soluble layers. 

Caves have always fascinated people. They are visited by thou¬ 
sands each year because of their unique character and beauty and 
the opportunity they offer for exploration. Some of the outstanding 
cavern areas have been set aside by the Government as national 
monuments and parks for the use of the people. The following tables 
give the name and location of each of the federally owned cavern 
areas in the United States. All of these caves have been formed by 
ground waters, and most of them are located in massive beds of lime¬ 
stone. There are also many privately owned caverns exploited for 
use by the public, and countless more are not visited at all. The lime- 



Fig. 29. Water percolating through fractures in limestone widened them here 
and there, producing caves. At right center, a cave roof has collapsed into a sink 
(Chapter 7). Later deposition of calcium carbonate produced the dripstone 
stalactite in lower center. By John Jesse Hayes, 
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stone terrains of Kentucky, Indiana, Ohio, Pennsylvania, and Vir¬ 
ginia contain a large number of caverns. 


National Parks 


Name 

Carlsbad Caverns 
Wind Cave 
Mammoth Cave 


Location 
New Mexico 
South Dakota 
Kentucky 


National Monuments 


Lewis and Clark Cavern 
Shoshone Cavern 
Jewel Cave 
Oregon Cave 
Lehman Cave 
Timpanogos Cave 


Montana 

Wyoming 

South Dakota 

Oregon 

Nevada 

Utah 


The Carlsbad Caverns constitute the largest series of underground 
caves yet explored. They lie about 26 miles southwest of the town of 
Carlsbad in southeastern New Mexico. The region is one of many 
caves dissolved by ground water from beds of limestone, salt and 
gypsum. The largest cavern is in limestone and extends diagonally 
downward to a depth of about one thousand feet. 

Formerly this cave was known as “Bat Cave,” because of the 
thousands of bats that inhabit it. It is said that at dusk each evening 
these little mammals come out through a large natural opening, at 
times in such numbers that they look like smoke from a chimney, 
and for three hours pour forth in a steady stream; then in the early 
morning they return and with incredible swiftness fold their wings 
in midair and dart into the openings. 

Although several miles of underground passages have been ex¬ 
plored, there are still many portions of Carlsbad Cave yet unknown; 
and its size is a matter of conjecture, although the National Geo¬ 
graphic Society's expedition spent some six months at the cavern 
making detailed explorations. It consists of a series of lofty spacious 
chambers and connecting corridors, with alcoves extending off to 
the sides, that are of remarkable beauty, the limestone decorations 
excelling those in any cave heretofore described. One room, named 
the Big Room, is more than half a mile long, with a maximum 
width of 400 feet. The maximum measured height of the ceiling is 
348 feet. 2 


2 Glimpses of •*ur National Monuments, pp. 6, 7, National Park Service, Washington, 
1926. Carlsbad Cavern was made a National Park in 1930. 
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Since the floor of the Big Room lies only about 700 feet below the 
surface of the ground, the rock between its ceiling and the surface is 
a relatively thin shell. The failure of the roof above caves produces 
sinks and some natural bridges, which are discussed in Chapter 7. 

A few caves are dry, but many, including some of the largest ones, 
contain pools of water and even actual rivers. Where rain water can 
readily penetrate into the caverns, and the relief is such that the sur¬ 
face cuts into the cave formation in places, local run-off may be di¬ 
verted so that it enters and passes through the caverns, eventually 
emerging at a lower elevation as a spring on the side or at the bottom 
of a stream valley. 

One of the best known underground streams is River Hall of the 
Mammoth Cave, Kentucky. It is but a portion of the great labyrinth 
of cavernous passageways, which constitute the lowest level of five 
successive series of galleries in this immense cavern. This great sub¬ 
terranean watercourse is the gathering bed of the rain waters, which 
enter the caverns largely through thousands of sink holes that open 
down from the surface. 

When Green River, the nearby surface stream, rises, River Hall 
becomes flooded, forming a vast continuous channel of water two 
miles long and varying from thirty to sixty feet in depth . 3 

Chemical erosion . Caves are visible evidences of ero¬ 
sion by ground water. In addition there is an enormous amount of 
destruction by ground water that is not ordinarily appreciated. 
About a third of the sediment that the rivers carry to the sea is in 
solution, and ground water was responsible for the greater part of it. 
Therefore, chemical erosion by ground water significantly decreases 
the volume of rock lying above sea level. In many instances, chemical 
erosion does not actually lower the surface elevation of the conti¬ 
nents, but it does make the rock much more porous, so that the 
forces of physical erosion have appreciably less material to remove. 

Mineral deposits . Up until less than a half century 
ago all ore deposits were thought to be of meteoric water origin. 
During recent decades evidence has gradually accumulated favoring 
origin by magmatic waters for these deposits, and economic geolo¬ 
gists have altered their views accordingly. The origin of the impor¬ 
tant lead-zinc deposits of the Mississippi Valley, however, is still in 
dispute. The chief producing districts in this region at the present 
time are the Joplin or Tri-State district in southwestern Missouri, 

3 Reeds, Chester A. “Rivers that Flow Underground,” Natural History , 28, No. 2, 
1928, pp. 136 and 137. 
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southeastern Kansas, and northeastern Oklahoma; and the south¬ 
eastern Missouri district. Other deposits are mined or have been 
mined in Tennessee, Iowa, Illinois, and Wisconsin. The zinc and 
lead ores occur in irregular bodies in limestone. 

Economic geologists are in general accord in ascribing to ground 
water activity certain changes that have taken place in and adjacent 
to ore deposits. Copper ores exposed in the zone of oxidation change 
from copper sulphide to the soluble copper sulphate. This copper 
sulphate may spread through the ground water until the solution be¬ 
comes so dilute that the copper is dissipated. However, if the ground 
water contains carbon dioxide or silica, the copper will be reprecipi¬ 
tated as a bright green or blue carbonate or silicate. Sometimes the 
waters bearing copper sulphate work downward through the vein to 
unoxidized sulphide minerals which reduce the copper sulphate and 
cause it to be reprecipitated as copper sulphide. In this way the primary 
ore body is enriched by ground water activity, a process known as 
secondary enrichment. Some of the richest copper ore bodies in the 
world owe their great concentration of copper to this process. Cer¬ 
tain porphyritic igneous rocks (Chapter 10) in the Southwest con¬ 
tain disseminated primary copper sulphides, but the rock as a whole 
is too lean in copper to be exploited. However, secondary enrich¬ 
ment has so increased the copper content in parts of the rock that 
mining is profitable. These ore bodies are called “porphyry coppers.” 

Natural mineral borates, the source of commercial borax, are 
formed initially in volcanic sublimates and closely related deposits 
but may be dissolved by surface or ground waters and reprecipitated 
in workable deposits elsewhere. The first large-scale borax produc¬ 
tion in the United States came from Death Valley, California, where 
the borate minerals precipitated from capillary ground water that 
evaporates upon reaching the surface forming a crust over part of 
the valley floor. 

Chemical erosion may cause insoluble minerals scattered through 
the rocks to become concentrated. Thick limestones in some locali¬ 
ties contain scattered crystals of barite (barium sulphate), an insolu¬ 
ble compound. When subjected to chemical erosion by surface and 
ground water the limestone largely disappears and the once scattered 
barite becomes concentrated immediately above the underlying rock. 
It is mined and sold, mainly for use in pigments. 

Hot spring deposits. Ground waters reaching the sur¬ 
face, may deposit mineral compounds there. Outstanding examples 



GroundWater 73 

of this are the spectacular terraces, cones, and other forms deposited 
around hot springs and geysers. The water flowing or erupting from 
these springs cools, evaporates, loses its dissolved carbon dioxide, and 
as a result precipitates the solids in solution. Calcium carbonate 
forms layers and crusts of travertine, and silica precipitates as sili¬ 
ceous sinter. 

The limestone terraces at Mammoth Hot Springs in Yellowstone 
Park beautifully illustrate ground water deposition at the surface 
(Fig. 28). Precipitation there has been aided by microscopic plants 
known as algae which are responsible for the bright red, pink, and 
bluish-gray colors of the terraces where deposition is going on. 
Where deposition has ceased, the limestone is white. The hot water 
that has built the high terraces pours over them in a series of cas¬ 
cades. The slowly enlarging deposits have encroached upon a wooded 
area, engulfing large trees. 

Veins, geodes , and dripstone . Ground waters precipi¬ 
tate minerals in fissures and cavities in rocks. A fissure filled with 
precipitated minerals is a vein . Although now almost all veins con¬ 
taining ore minerals are considered to be hydrothermal in origin 
(from hot waters from magmas), ground waters have deposited many 
veins of calcite, quartz, and even pyrite. 

Cavities in rocks may become lined with crystals of quartz and 
other minerals by precipitation from ground water. Some of these 
crystal-lined cavities are round or egg-shaped and are called geodes. 
Other cavities that may become partially filled with minerals de¬ 
posited by ground water are vesicular openings in lava flows. 

Very beautiful ground water deposits are found in limestone 
caverns. The ground water entering such caves is saturated with 
calcium carbonate which tends to precipitate in the cave because of 
the escape of carbon dioxide from the water and the evaporation of 
the water. In one type of cave deposition a multitude of individual 
crystals, which line the walls and ceiling, appear like glistening dia¬ 
monds when a light is thrown upon them. Another type is the drip- 
stone (Fig. 30). Water seeping through the roof of a limestone cav¬ 
ern forms drops which hang pendant from the ceiling for a moment 
before falling to the floor. The pendant drop exposes the maximum 
water surface possible, evaporation is thereby accelerated, and pre¬ 
cipitation of calcium carbonate takes place on the roof of the cave. 
Eventually an icicle-like deposit, known as a stalactite , is formed. The 
slightly shrunken drop that falls to the floor is immediately flattened 
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. Fig. 30. The “Rock of Ages/’ a dripstone deposit in the Big Room at Carls¬ 
bad National Park. By Kannkot and Grant CoUrtesy National Park Service . 
U . S. Department of the Interior . 




75 


Ground Water 

so that further evaporation and precipitation take place. A reverse 
stalactite, known as a stalagmite, builds up from the floor. Eventually 
the stalactite and stalagmite may join to form a calcite pillar. Drip¬ 
stone deposits exhibit many weird features. The glistening crystals, 
the white columns, needles, pendants, and pillars make such places a 
subterranean fairyland. A description of a room in the Carlsbad 
Caverns follows: 

Many places, like the Music Room, have formations resembling 
huge pipe organs, whose stalactites when tapped lightly give forth 
musical sounds. In yet other places the stalactites have grown to¬ 
gether laterally, resembling curtains. Some of the curtains reach the 
floor, while others come but part way down, suggesting a stage cur¬ 
tain partially raised. 4 

Cementation . A less spectacular but geologically im¬ 
portant type of ground water deposition is cementation . Sandstones 
and other clastic rocks hold together because ground water has pre¬ 
cipitated minerals between the grains. The commonest mineral so 
deposited is calcite, but limonite and silica (quartz), are also pre¬ 
cipitated as cement. It is fortunate that the cementation of a sedi¬ 
mentary rock is rarely complete, for the voids left empty are avail¬ 
able for storage of water, oil, and gas. 

An unusual type of cementation produces concretions (Fig. 31), 
tightly cemented bodies of rock which range in form from the 
spheroidal or discoidal to the highly irregular and often bizarre. In 
producing concretions, ground water first precipitates the cement at 
some nuclear point in the unconsolidated rock, and then cementation 
moves outward in all directions. A sphere results if the rock is homo¬ 
geneous, but if there is greater permeability in one plane than an¬ 
other, the concretion tends to become discoidal. The nucleus for a 
concretion may be a leaf, a shell, some other type of fossil, or even an 
exceptionally large grain of sand. Rock City (Fig. 32), Kansas, is a 
striking example of the formation of concretions and their later ero¬ 
sion. Spherical concretions were formed by cementation of sand¬ 
stone, and then, much later, rain wash, running water, and wind un¬ 
covered them. The concretions, because of greater resistance to ero¬ 
sion, have not been destroyed, while the enclosing uncemented sand 
has washed and blown away, freeing the spheres. 


4 Glimpses of Our National Monuments, p. 8. National Park Service, 1926. Washing¬ 
ton: Government Printing Office. 



Fig. 31. Septarian concretion from Pierre shale near Canon City, Colorado. 
“Septarian” refers to ramifying vein-filled cracks. By R. C. Hussey. 



Fig. 32. Exceptionally large concretions that have weathered out from the 
enclosing sandstone. Rock City, near Minneapolis, Kansas. By Oren Bingham. 
Courtesy Kansas Geological Survey . 
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Replacement . Another type of ground water deposi¬ 
tion is replacement . This involves dissolving one type of material and 
substituting something in its place. Ground waters are responsible 
for both the solution and deposition. The action goes on practically 
concurrently, and at any one time the volume of the replacing and 
replaced material is exceedingly minute. A familiar example of re¬ 
placement is petrifaction^ the replacement of wood or other organic 
material by silica. Petrifaction proceeds on such a minute scale that 
markings, such as the annular rings of a log, may not be destroyed, 
even though the woody tissue is entirely replaced. Examples of petri¬ 
faction are fairly common in parts of western United States. Petrified 
logs are scattered over an area of 100 square miles near Holbrook, 
Arizona, and of this the government’s Park Service has set aside 40 
square miles as the Petrified Forest National Monument. No standing 
petrified trunks or stumps are to be seen in this region, but they can 
be seen in smaller “forests” in Yellowstone National Park. Another 
type of replacement is pyritization, in which pyrite (an iron sul¬ 
phide) replaces fossils or other minerals. 

EXPLOITATION OF GROUND WATER SUPPLIES 
Water is an essential mineral resource. Its availability has decided 
the location of homesteads, communities, cities, and industries. De¬ 
ficiency of water supply has stifled the growth of some communities 
and has led others to spend vast sums in bringing in water from 
distant sources. 

Water supplies may be classified into two types, surface and 
ground. Surface waters are used for domestic and industrial pur¬ 
poses, power, irrigation, and as a means of disposal of human and 
industrial wastes. The investigation and utilization of surface sup¬ 
plies is an engineering rather than a geological problem. However, 
water underground is a mineral resource as much as oil, coal, or gold, 
and both the study of its occurrence and the development of scien¬ 
tific methods of prospecting for it are functions of the geologist. 

Prospecting for ground water supplies. From oldest 
times to the present many people have invoked magic when a supply 
of underground water was sought. Several methods of harnessing the 
supernatural to this very practical quest have been used. The most 
common of these is described in the following paragraph: 

When a farmer wants to sink a well, he usually casts about for a 
professional to tell him where to dig that he may be certain of strik- 
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ing a vein of water at a moderate depth. Everybody, at least in rural 
communities, has heard of the practice of locating underground 
streams of water by means of a forked twig which, in the hands of a 
gifted carrier, points to such streams with unerring accuracy, and 
there are few communities that do not boast of at least one such 
practitioner. It is not so commonly known, however, that in earlier 
times the same means was employed to locate subterranean minerals 
and find lost or hidden articles, and even to discover and detect 
criminals. The twig is known in English as a “divining rod”. . . . 
The person using it is often called a “dowser”; sometimes the terms 
water-witch and water-witching are used. In its most common form 
the divining rod is a forked twig or branch of apple or willow or 
hazel—presumably witchhazel would be most appropriate. With the 
rod in position, the dowser walks around over the land in which he 
is endeavoring to locate, say, a subterranean vein of water, and when 
he passes over such a vein the rod indicates the fact by turning in his 
hands and pointing downwards. Let the operator restore it to its 
upright position and again and again it will persist in turning and 
pointing downwards. If he moves away and the rod is temporarily 
quiescent, it again becomes agitated and turns down whenever he 
crosses the vein of water. . . . The disbeliever is inclined to ridi¬ 
cule the performance, but as a method of divining it is a real cult, 
and to its disciples it is no joke. 5 

Searching for supplies of ground water has become a specialized 
science in recent years, rather than a matter of faith and luck. A 
branch of the U. S. Geological Survey is engaged in a study of the 
ground waters of the United States, and specialists in this particular 
branch of geology, known as hydrologists, are employed on most 
major water-seeking projects. During the drought in 1934, several 
hundred geologists were employed in midwestern states to supervise 
the search for hitherto unknown sources of ground water, and this 
search was successful to a remarkable degree. 

The procedure in ground water prospecting varies somewhat de¬ 
pending upon whether one is seeking a supply for a few individuals 
and perhaps some stock, or for a supply for a municipality, or an in¬ 
dustrial plant. For a city supply, a water-bearing formation or aquifer 
capable of furnishing at least 50 gallons a day for every man, woman, 
and child residing in that city must be found. 

Prospecting for water supplies in rock mantle is comparatively sinv 
pie. If the bed rock is covered with rock mantle the elevation of the 
water table must be determined. It must be high enough to intersect 

* Hering, Daniel W. Foibles and Fallacies of Science, pp. 126-128. New York: D. 
Van Nostrand Company, Inc., 1924. 
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the lower part of the rock mantle at some point in the area, or the 
mantle will be barren of water. The second step is to map by means 
of hand-augers or small power drills the elevation of the bed-rock 
surface in the apparently more favorable areas. Because water flows 
downhill whether it is on the surface or underground, the subsurface 
movement of water in the mantle is toward the lowest points on the 
bed-rock surface. An ideal condition for abundant underground 
water is a valley in the bed-rock surface which has been filled with 
rock mantle, for rain water after percolating downward to the bed¬ 
rock surface will move in the direction in which that surface slopes 
and accumulate in the lowest places. 

In prospecting flood-plain alluvium, whether built by a still exis¬ 
tent stream or by some river that has disappeared, a series of holes 
is usually drilled from surface to bed rock across the valley to find 
porous water-bearing zones. The widest, thickest, and deepest zones 
will have the greatest yield of water, provided that the permea¬ 
bilities are approximately equal. 

Once the site for the well has been chosen, it should be dug or 
drilled to a depth several feet below the water table, for the water 
table fluctuates with the seasons and it is essential to have the bottom 
of the well below its lowest level. Also, the pumping of a well makes 
a local conical depression in the water table. The deeper the bottom 
of a well, the steeper will be the flanks of the cone and the faster will 
the water move into the well. 

The technique involved in prospecting for water in stratified rocks 
is somewhat similar to that used in the search for oil. The first step is 
to determine the stratigraphic section or series of rocks present in the 
district, paying particular attention to the beds that might be aqui¬ 
fers. This study can be made from surface observations in regions 
where topography or folding gives a thick series of rock outcrops. In 
most cases, however, surface observations are not enough, and the 
stratigraphic section has to be prepared through a study of logs (rec¬ 
ord of rocks drilled, with depths) and cuttings of wells drilled in and 
near the region for oil, gas, or water. These data give not only the 
depth of the aquifiers at various places, but also their thicknesses, 
permeabilities (if samples are available), an estimate of the amount 
of water available, and perhaps some information as to its quality. 

The second step is the mapping of the structure or inclination of 
the buried strata, to determine the depths of the aquifers in all parts 
of the regioi- under investigation. 
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Next comes the drilling or digging of a well at a recommended 
site. Unfortunately, some wells fail to yield the desired volume or 
quality of water. Sandstones are likely to be lenticular (lens-shaped), 
and the aquifer sought for may disappear between the nearest point 
of information and the site of the test well. Also, the degree of cemen¬ 
tation of a sandstone varies from place to place, hence the aquifer 
pierced by the test well may be so tightly cemented that it will not 
yield sufficient water. In some cases the water, though quite abun¬ 
dant, may be too highly mineralized for use. Even in what is appar¬ 
ently the same aquifer, water may change in a few miles from fresh 
to salt. Lastly, the aquifer, although yielding water, may not be re¬ 
plenished at a sufficiently rapid rate and in consequence the yield 
after a time will gradually diminish. 

Use and misuse of ground water supplies. The uses of 
ground water are essentially the same as for surface water. Ground 
water is extensively used in upland areas where surface supplies are 
not available. The thousands of windmills scattered over the prairies 
and plains of the central and western parts of the United States attest 
to the great use of ground water by town and country dwellers. A 
large number of municipalities also use ground water obtained 
either from flood-plain sands or from deeper bed-rock aquifers. Deep 
sandstones are tapped for water supplies in such states as Missouri, 
Iowa, Illinois, and Wisconsin, but to the southwest in Kansas and 
Oklahoma the water in rocks of equivalent age is too highly mineral¬ 
ized for use even by stock. 

Water that is merely hard can be successfully treated. The only 
water available in many parts of the United States is hard, and its 
use causes much trouble and expense. Special soap may be used, al¬ 
though the average citizen merely uses larger quantities of standard 
brands. Also the dissolved minerals tend to precipitate in pipes, 
tanks, and boilers. Many industries that cannot use hard water either 
nave to be located where soft water is available or must install soften¬ 
ing equipment where hard water is used. Many municipalities have 
installed plants to soften water and the taxpayers have found that 
their savings in soap purchases alone have exceeded the taxes levied 
to operate and amortize the plant. 

Ground water is used for irrigation in many districts, but not as 
extensively as surface water. Where the depths to water do not exceed 
50 feet, it has been found feasible to pump ground water and thereby 
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convert grazing or grain land with a relatively low yield per acre into 
truck and fruit farms. 

The people of the United States are beginning to realize that 
ground water is a great natural resource that should be conserved. 
Originally it was believed that ground water, if present at all, was 
inexhaustible. The farmers who pumped water from beneath the 
Great Plains for stock and irrigation were told that the water came 
from the melting snows of the Rocky Mountains and that the supply 
was everlasting. Drilling for both water and oil in the Great Plains 
area has subsequently altered this concept. The great sand and sand¬ 
stone bodies that carry water in this region are not continuous and 
therefore cannot function as a pipe line from the Front Range of the 
Rockies to city or farm wells on the Great Plains. Additional evi¬ 
dence is given by records made of the pressures in wells in this region. 
Many wells when drilled struck water under such head that they 
flowed; but now they have to be pumped. Other wells in which the 
pressure forced the water close to the surface now have to be pumped 
from much deeper levels. Obviously, water is being removed faster 
than it is entering these aquifers. Some of the sandstones may not 
have any connection with the surface and hence have little opportu¬ 
nity for replenishing their supply. In this case the buried reservoir is 
slowly but surely being emptied. The volume of water that may be 
stored in a large body of sandstone is enormous, so complete exhaus¬ 
tion takes several decades. For example, a 50-foot bed of sandstone 
with a porosity of 20 per cent, when filled with water is equivalent to 
a lake 10 feet deep. In every square mile of such a sandstone, enough 
water is stored to give over 50 gallons of water a day for a year to 
each individual in a community with a population of 100,000. 

Unless protective measures are taken, the outlook is rather gloomy 
for parts of the northern Great Plains region where ground waters 
are the sole supply at present, and these waters are being withdrawn 
faster than the aquifers are being recharged. More use will have to be 
made of surface supplies where available in order to diminish some¬ 
what the amount of water being withdrawn from the ground. Of 
much greater importance, however, would be the institution of a 
program of recharging the aquifers through diversion of surface 
water.- This could be done by means of wells drilled to the aquifer 
into which water would be directed that would otherwise evaporate 
or escape down the valleys to the sea. Recharging is already being 
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practiced in parts of California where the natural reservoirs are 
deposits of valley alluvium. 

It is likewise of utmost importance that pollution of fresh ground 
water by oil-field brines and industrial wastes be prevented. Due to 
the slow rate of travel of water underground, such pollution may be 
very insidious. Its effects may not be noticed until years after the pol¬ 
lution takes place. Most oil wells produce brine as well as oil, and the 
brine is separated from the oil and disposed of at the surface near 
the well. Disposal by means of evaporating ponds is attempted in 
many cases, but most of the brine filters down into the soil and con¬ 
taminates the ground water. Oil wells that are poorly cased permit 
the rising in the well of deep brines under artesian head, which enter 
into and pollute higher fresh-water aquifers. The same thing hap¬ 
pens when wells are abandoned and improperly plugged. The ground 
water in entire counties in Kansas and Oklahoma has become unfit 
for use through contamination by brines which originated in deeper 
formations but which were allowed to seep into the shallower forma¬ 
tions during the exploration and development of oil and gas fields. 
Although it is too late to do anything about the areas already pol¬ 
luted, abatement is quite possible in regions undergoing development 
today. Abandoned wells should be properly plugged, and the brine 
produced with oil either evaporated in leak-proof ponds or returned, 
by means of disposal wells, into deep salt-water bearing formations, 
preferably into the formation from which it came. 



CHAPTER 5 


Running Water 


Running water is the principal earth- 
transporting medium. The rivers of the world are ceaselessly at 
work carrying material from the lands to the sea. Given time 
enough, the continents and islands would be eroded below sea level 
by the combined action of all the erosive agents. 

Running water produces our most familiar topographic features, 
such as valleys and the intervening ridges, hills, and mountains. At 
the bottom of most valleys are plains, which are extensively utilized 
for farming, townsites, and routes of travel. Running water can be a 
very spectacular geologic agent; a stream in flood may noticeably 
change the local topography in a very few hours. 

SOURCE OF WATER 

Practically all the water running on the surface of the land has at 
one time fallen from the atmosphere; a minor portion is added by 
volcanic eruptions which bring some water from the deep interior. 
The water which falls onto the earth as precipitation is a part of an 
endless cycle. It came from the clouds, which are formed by conden¬ 
sation of water vapor in the cooler temperatures of the upper air, and 
the water vapor was derived by evaporation from the earth’s surface. 
Naturally, evaporation is greatest from the oceans, which cover three- 
fourths of the globe, but water is constantly being evaporated also 
from rivers, lakes, swamps, plants, from the soil and rocks, and from 
snow and ice. 

Precipitation falls as rain, snow, sleet, or hail. Part of the rain 
water runs off immediately into the various river systems of the earth. 
Snow, however, stores water until thawing takes place, which may not 
be until the following spring or summer. Consequently many rivers 
draining mountainous areas reach their maximum volumes during 
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the summer months. Not all of the snow falling at high altitudes and 
in high latitudes thaws; some of it is converted into ice, part of 
which form glaciers. Glaciers move into warmer zones, and their 
margins reach levels where thawing occurs. Rivers that have their 
headwaters in mountain valleys containing glaciers obtain most of 
their water from melting ice. 

Precipitation upon reaching the earth’s surface follows three paths. 
Some of it evaporates, some enters the soil and becomes ground water, 
and the remainder joins the surface run-off. The percentage of water 
that evaporates depends upon the temperature, humidity, wind, and 
surface conditions. Other things being equal, the higher the tempera¬ 
ture and the lower the humidity, the greater the amount of evapora¬ 
tion. However, evaporation also takes place from snow and ice sur¬ 
faces, and it is possible for a snow or ice field to be completely dissi¬ 
pated in this manner even though the temperature never rises 
sufficiently high for thawing. Humidity is the amount of moisture in 
the air. If the air is already saturated above a given area, it cannot 
acquire further water vapor by evaporation. The wind plays a vital 
part in evaporation. If the air is quiet, water-saturated atmosphere 
may overlie areas of potential evaporation without adding to its mois¬ 
ture content, but if the air is moving so that unsaturated atmosphere 
is constantly brought in, evaporation occurs. Evaporation takes place 
in arid regions even while rain is falling, and, in extreme cases, rain 
which starts from the clouds may be completely evaporated in the 
lower air before reaching the ground. 

Several factors control the fate of water after it falls on the svfrface. 
The prime control is topographic slope, for the greater the slope the 
fester the water runs off; hence a minimum amount remains to be 
evaporated or to sink below the surface. Vegetation is a second con¬ 
trol of almost equal consequence. Who has not taken shelter under a 
tttfc duxiu^amu? Such, shelter \s effective until ever/ surface over¬ 
head Wheen tmtedm'Csv uhan c?t mtet, and ^m\esse%,\s^ 'hew 
shape and position, may hold tiny pools of water. Much of the water 
fells to the ground when the leaves are shaken by the wind, but, even 
then, it reaches the ground less violently and in smaller quantity 
than if no trees were present. Water films coat not only the trunks, 
branches, and leaves or needles of trees, but also the surfaces of 
bushes, flowers, and blades of grass. Much of this water is evaporated 
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Furthermore, vegetation retards the rate of runoff, an effect much 
greater on gentle than on steep slopes. Water checked in its downhill 
rush on moderate slopes by growing and fallen vegetation is available 
for evaporation and downward seepage into the soil and rock. Vege¬ 
tation also increases the thickness of the porous soil zone by adding 
layers of organic debris. 

We have only recently begun to appreciate the role of vegetation 
in controlling runoff. Many parts of the country during the last few 
decades have suffered from excessive soil erosion, gullying, floods, 
and other disastrous effects of abnormal runoff caused by cultivation, 
overgrazing, and deforestation. 

Another factor affecting the runoff is the character of soil or rock 
at the surface. Sandy soil permits much more water to percolate 
through it than does clay soil. Fractured limestone is more pervious 
than unfractured shale. Vesicular lava furnishes more numerous 
channels for water than most other rock. 

Runoff is also controlled by the rate of rainfall. A heavy rain will 
soon fill the open spaces immediately below the surface, so that fur¬ 
ther addition is impossible until the water in these pores empties into 
lower openings. Therefore, two inches of rain falling in one hour 
contributes more to the runoff than two inches falling over a ten- 
hour period; the farmer recognizes this fact by referring to the for 
mer as a “gulley washer” and to the latter as a “ground soaker.” 

A major source of runoff is ground water. Where hillsides and 
valley walls intersect the water table, ground water emerges as seeps 
or springs and becomes surface water. In humid regions this is a 
steady supply if the rainfall be distributed rather evenly through the 
year. Where considerable seasonal variation in rainfall occurs, the 
water table may fluctuate to such an extent that it lies above topo¬ 
graphically low points during and following the rainy season and 
contributes to the runoff, but, during the dry season, it sinks below 
the land surtace at a\\ points so that a\\ seepage or ftowage onto the 
surface ceases. 

COURSE OF THE RUNOFF 

<Runoff, regardless of whether it originates from local precipitation 
or ground water, moves downhill, collecting into streamlets which 
join to form larger streams. The streams follow depressions which 
they have car ved out or which have been formed in other ways. 
Streams are either intermittent or permanent. An intermittent stream 
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of the year when the water table is high. It also carries surface runoft 
following a rain, but this supply is short-lived. Permanent streams 
atfe steadily fed by water escaping from the ground-water supply. 
Most streams are intermittent near their headwaters and permanent 
farther down, but a mountain stream fed by melting snow and ice 
may be permanent even at headwaters. Some streams, rising in a 
mountainous area, flow into an arid region with low water table and 
lose part or all of their water in the unsaturated debris below the 
stream bed. The nature of the floor wver which the water passes 
determines to a considerable extent the amount of the loss. If the 
stream bed is covered with gravel, sand, or other porous materials, 
all of the water may disappear. A tight clay floor, on the other hand, 
prevents much seepage into the ground; hence the principal loss is 
by evaporation. 

A river, its tributaries, and subtributaries constitutes a river sys¬ 
tem , and the area drained by a river system is its drainage basin . A 
map of the basin showing the river with its many branches displays 
the drainage pattern of the river system. The complexity of this pat¬ 
tern depends upon climate, vegetation, character and structure of 
rocks, and age of stream. A well developed drainage pattern, in a 
region where the surface materials are approximately alike in their 
resistance to erosion, branches like a tree and is called dendritic. 

PROCESSES 

Erosion. To erode means literally to “gnaw off.” It is 
a term used by geologists to include transportation of weathered rock, 
abrasion of the fragments by contact with each other, abrasion of 
bedrock over which the fragments move, and solution of soluble 
materials. Erosion by running water has two principal phases. One of 
these is the wearing down of interstream areas by sheet wash; that is, 
by surface runoff before it becomes concentrated in a channel. A 
sheet of rain water running down a sloping surface will pick up and 
transport small particles in its path, as a rain storm will remove dust 
from a roof. 

{ The second phase of erosion by running water is the development 
of the valley by streams. Once the runoff water becomes concentrated 
in a stream, no matter how small, valley cutting begins. This is one 
of the most important geological activities; much of the land above 
sea level exhibits a complex of valleys that have been eroded into it. 

(The ability of a stream to erode its channel is dependent to a large 
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extent upon the speed or velocity at which the water moves. Velocity 
in turn is determined by a number of factors of which the most sig¬ 
nificant is the slope or gradient of the stream bed. A river having a 
steep gradient moves much faster than one flowing over a more grad¬ 
ual slope, and its potential capacity for work is much greater. The 
cross-section of the river channel also governs the velocity to some 
extent. Other things being equal, a given volume of water running 
down a narrow channel will move faster than when spread over a 
wide channel. Water, like any other moving substance, is retarded by 
friction and the greatest velocity prevails where water has a mini¬ 
mum area of contact with the bottom and sides of the channel. 

River velocity is also controlled by volume of water. As the vol¬ 
ume increases, the frictional resistance per unit quantity of water 
decreases. The water moves faster. Furthermore, local increase in 
volume produces a steeper slope downstream at the water surface, 
greatly accelerating the rate of flow. In many river systems increase 
in velocity resulting from increase in volume between headwaters 
and mouth is more than offset by a decrease in gradient, so that the 
water does not move as fast near the mouth as it docs near the source. 
The importance of volume in controlling velocity can be observed 
best by watching a river at one point through seasonal variations in 
flow. The velocity of a sluggish stream often increases to such an 
extent during high water that the stream does great damage to its 
banks and to property located within reach of the flood waters. 

The load of sediment carried by a river also affects the velocity, 
since particles sinking toward the bottom retard movement of the 
water. Also the sediment dragged along the floor and sides of the 
channel increases the frictional resistance. 

Lastly, the character of the floor over which the river passes exer¬ 
cises some conti%l over the stream^ velocity. A smooth rock floor will 
offer less frictional resistance than a rough channel or one clogged 
with rock debris or vegetation. 

Channel cutting involves two separate processes. One is hydraulic 
action, or the impact of water, which flushes unconsolidated material 
or weak rock downstream. The other process is abrasion, or the wear¬ 
ing away of rock by sediment which the stream carries. A clear stream 
is not able to abrade effectively, but a stream carrying sediment 
“sandpapers’* the rock over which it passes. Therefore, water running 
over resistant rock must have tools with which to work if it is effec¬ 
tively to erode that rock. The proportion of a river channel where 
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bed rock is exposed is relatively small, for, in most places, the bed¬ 
rock is covered by stream-deposited alluvium. Stream abrasion takes 
place principally during floods, when the velocity is so great that all 
of the load is in motion. 

The debris at a given point on the floor of a river channel has been 
obtained in several ways. It may be a product of the weathering of 
underlying rock; it may have been brought by the river during 
periods of high water; or it may have been brought in by tributary 
streams. Where a river flows through a steep-walled valley, a large 
amount of debris is added from the creep, slide, and fall of loose rock 
from above. A relatively small amount of material also may be ob¬ 
tained by the down-cutting of the stream. 

Streams cut into their banks, especially at bends where the fastest 
current flows along the outer bank. This is known as lateral erosion 
or planation. When the bank is sufficiently undercut, the unsup¬ 
ported rock above falls into the stream and the valley is widened by 
that amount. One type of natural bridge has been produced in this 
manner (Fig. 33). 

Not all stream erosion is physical. River water dissolves relatively 



, Fig. 89. Natural bridge resulting from lateral erosion by an intrenched 
meandering stream. Owachomo Natural Bridge, San Juan County, Utah. The 
rock is a Permian sandstone. By A. J. Eardley. 


Running Water 89 

soluble rocks, such as limestone, dolomite, and gypsum, as it flows 
across them. Sandstone cemented by calcium carbonate may have the 
cement dissolved so that the rock disintegrates and loose sand is made 
available for removal. A great volume of material is carried by the 
rivers to the sea in solution, but most of this material was dissolved 
in ground water which later joined the surface runoff. 

Transportation. Removal of rock debris and other 
material is an essential part of the erosive process. Rivers carry an 
almost unbelievable volume of sediment into the ocean every day, as 
has been shown by analyses of water sampled at river mouths. In the 
United States alone, more than 500 freight trains, each consisting of 
100 cars and making one round trip a day, would be required to 
carry the material that is transported by the rivers from the uplands 
to the sea. 

Although some of the material carried by streams is obtained by 
abrasion, most of it is weathered material already available. Even 
mountain torrents have more loose material available in their chan¬ 
nels than they can carry away. Weathering not only keeps up with the 
agents of removal but is usually far ahead of them. Some of the 
material that slides and rolls into the channel of a stream is too 
coarse for the water to move. Weathering and abrasion break it down 
into smaller and smaller pieces until movable fragments are pro¬ 
duced. 

The volume of load that can be carried by a stream is a function 
of the velocity and volume of the water. Increase in velocity and in¬ 
crease in volume augment the amount of load that a stream can 
carry. Volume increase is invariably accompanied by increased velo¬ 
city, as explained earlier; hence the load carried by a stream is mul¬ 
tiplied many times when it is in flood. 

Material is transported by rolling, sliding, saltation, suspension, 
and solution. The debris rolled along river beds ranges from large 
boulders to small grains of sand or clay depending upon the velocity 
of the water and the size of available particles. A river in flood can 
roll material down its bed that is far too heavy for it to handle dur¬ 
ing normal flow. Consequently, the coarser fragments travel down¬ 
stream in a series of moves. Rolling on the river bottom causes con¬ 
siderable wear, hence boulders and smaller particles transported in 
this manner decrease in size and become well rounded. 

Water pushing agaipst angular fragments may cause them to slide 
instead of roll. Saltation is movement in a series of jumps; rock par- 
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tides are alternately picked up and dropped by the stream currents, 
but each time such particles are lifted off the bottom they are car¬ 
ried downstream. 

Many turbulent mountain tributaries dump boulders of such mag¬ 
nitude into the main river that the latter, because of lower gradient 
and lesser velocity, cannot move them except in times of flood. 

The intermittent march of sediment to the sea is especially ob¬ 
servable in the case of sand. Operators of dredges obtaining sand 
from river channels report that the supply is replenished by each 
flood. 

Material in suspension is neither floating at the top of the water 
nor being dragged along the bottom, but is “suspended” between. 
Sediment is heavier than water and has a constant tendency to settle 
out, but it does not sink straight down, because of the current. It set¬ 
tles in a sloping direction, the angle of the slope depending upon the 
shape of the particle, its weight, and the velocity of the water. Very 
flat mineral grains, such as scales of mica, offer more resistance to fall 
in water than spherical grains, and therefore sink very slowly. Gold, 
because of its weight (specific gravity), tends to sink rapidly and at a 
steep angle. The greater the velocity of the water the gentler the slope 
followed by a particle in sinking. 

However, in spite of its tendency to settle to the bottom, sediment 
may remain in suspension in a river for the entire distance to the 
sea, for upward currents caused by deflections of the river current as 
it passes over obstructions in the channel keep boosting the particles. 
The unevenness on the floor may be due to inequalities in the bed 
rock if the channel is cut through solid rock, but it is usually due to 
the presence of boulders, cobbles, and pebbles in the stream bed. 

Suspended material also may travel by stages because a river can 
carry much more sediment in suspension when in flood than during 
times of normal flow. Between floods this surplus load rests on the 
bed of the stream. 

The size of fragments varies greatly between headwaters and mouth 
of a stream. Tributaries of the Mississippi River near their head¬ 
waters in the Rocky Mountains roll boulders two or three feet in 
diameter, or even larger, down the bed of the stream at times of high 
water. The size of the sediment decreases downstream so that, at the 
mouth of the Mississippi, the material being carried, even in times of 
flood, consists mainly of fine particles of silt and clay. Differences in 
velocity account for the great difference. The headwater streams, in 
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spite of their relatively small volume, flow over steep slopes and 
have much higher velocities than has the Mississippi River, with its 
average gradient of less than eight inches per mile. The typical river 
gradient, when plotted on paper, is a smooth curve which is steep at 
the source and levels off toward the mouth. Actually the floor of the 
channel is a succession of stretches of different gradients. 

Quite distinct from the material that travels by rolling and sus¬ 
pension is the load in solution . About a third of the total amount of 
material that the rivers daily carry to the sea is in solution. The dis¬ 
solved material travels without stopping. 

Although rivers carry millions of tons of dissolved materials in 
solution, rarely is the concentration sufficient to affect the taste of the 
water. However, a few rivers that drain salt-bearing rocks are no¬ 
ticeably salty. River water throughout the Mississippi Valley area is 
very “hard” because of the presence of calcium carbonate (dissolved 
from limestones) and other compounds. 

Deposition . The final step in the work of running 
water is the deposition of the material that it carries. Deposition re¬ 
sults principally from decrease In velocity caused by (1) decrease in 
gradient as the river proceeds toward its mouth, (2) decrease in vol¬ 
ume of water, or (3) increase in load. Abrupt changes in gradient 
take place principally where a stream emerges from a mountainous 
region onto a plain, or where it flows into a lake. Less abrupt but 
nevertheless effective changes in gradient take place as the mouth of 
a river is approached. The lower end of a river may have attained 
base level, in which case further downward erosion is negligible, and 
deposition takes place. Changes in gradient along the course of a 
stream have an immediate control over river velocity and conse¬ 
quently an important effect upon deposition. 

Many rivers increase in volume consistently between headwaters 
and mouth because of the influx of water from tributary streams and 
also, in many instances, due to greater rainfall nearer the coast. In such 
cases, there will be no deposition that is due to decrease in velocity 
through loss in volume. However, there are streams that do suffer a 
loss in volume between their mountainous and well watered head¬ 
waters and their mouths because they pass through an arid or semi- 
arid zone where there is greatly increased evaporation and a de¬ 
pressed water table that permits the escape of river water into the 
soil and rock. Many streams in these circumstances, like the Arkan¬ 
sas in Colorado and Kansas and the Platte in Colorado and Nebraska 
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crossing the Great Plains of the United States, are choked with sedi¬ 
ment between the Rocky Mountain front and the more humid areas 
of the Mississippi Valley because of lessening of volume. 

The load of a river often is increased through the addition of sedi¬ 
ment carried by a tributary. The tributary stream may have relatively 
small volume but so high a velocity that it transports a heavy load of 
sediment. In spite of the greater volume of the main river, its lesser 
gradient may not give the water sufficient velocity to move the added 
sediment, and deposition takes place. The material will be dropped 
immediately below the mouth of the tributary. 

Deposition also takes place in lakes that exist within the drainage 
basin of a river; and voluminous deposition, forming deltas, occurs 
where streams enter the ocean. 

RESULTS OF EROSION BY RUNNING WATER 
Valley development. A valley is an elongate depres¬ 
sion with a continuous, but not necessarily consistent, slope in one 
direction. It is occupied by either an intermittent or a permanent 
stream. Valleys were once considered cracks which opened up sud¬ 
denly in the earth’s crust, but now we realize that they have been 
carved by the streams flowing through them. Who has not seen a 
gully formed in loose soil by the runoff from a single heavy down¬ 
pour? This is an example of valley forming, though on a small scale 
and at an unusually rapid rate. 

Valley development begins when runoff becomes concentrated on 
the surface. The resulting streamlet or rill carves a gully which in 
time may become a ravine, and the ravine may eventually be en¬ 
larged into a large valley. While valley growth at any point goes 
through these stages, the valley is also lengthening by extending itself 
headward through continual cutting back at the source. This is 
known as headward erosion. 

Valley growth is accomplished by both downward and lateral 
erosion. Downward erosion is the vertical cutting done by the stream 
itself. Although in most cases downward erosion appears to domi¬ 
nate in the carving of a valley, actually it has caused the removal of 
a relatively narrow belt of material lying between the bed of the 
present stream and the original surface. The rest has been removed 
by lateral erosion. Bends in the course of a stream are always present, 
and where the current swings against a bank it erodes laterally. The 
greatest lateral erosion is not done exactly at right angles to the direc- 
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tion of a valley, for the current sweeping around a bend is strongest 
against the bank slightly downstream from the outermost point on 
the bend. For this reason the bends tend to migrate downstream, 
eroding the sides of the valley in the course of the migration. 

Other agents, besides lateral erosion by the river, are at work in 
widening a valley. Gravity fall or creep and sheet wash contribute by 
moving loose material down the sides of the valley toward the bot¬ 
tom. As downward cutting of a stream destroys the equilibrium of 
the material composing the valley wall, there is a constant tendency 
for this material to creep, slide, and even roll down to the valley 
bottom. Some debris is blown away by the wind. 

When a valley floor has been cut so low that the stream has only 
enough slope to maintain its flow to its mouth, the stream is said to 
have reached grade . From that time, vertical erosion is of little con¬ 
sequence, while lateral erosion becomes even more important than 
before. Therefore the valley is no longer deepened to any extent but 
may be very considerably widened. The stream develops extensive 
flood plains on which it meanders. The meander bends enable the 
stream to widen the valley by lateral erosion or planation in a man¬ 
ner similar to that of a twisting, downcutting stream as described in 
a preceding paragraph. 
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Fig. 84. Lateral erosion on outside of meanders. Low hills in foreground are 
being undercut and destroyed by meandering river. Rio Puerco, west of Albu¬ 
querque, New Mexico. By permission Spence Air Photos. 
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Waterfalls . Water that is moving relatively fast, usu¬ 
ally because of constriction in the channel, makes rapids . If the 
water proceeds in a series of low falls these are known as cascades , 
and a single vertical drop is called a waterfall . Falls are formed in 
several ways. Tributary streams may enter the main valley by a series 
of falls where erosion, either by running water or ice, has deepened 
the main valley to a greater extent than the tributary valley. Most 
falls, however, are due to the passing of the channel from resistant 
rock to rock that is relatively soft. As the weaker rock is cut deeper, 
the water falls over the edge of the resistant rock. If the strata are 
flat-lying, the water pounding on the weaker rock at the foot of the 
falls undercuts the resistant top ledge so that it gradually crumbles at 
the lip of the falls. As time goes on, waterfalls of this type recede; 
that is, they move up the valley. The same process takes place if the 
strata are tilted so that they dip in an upstream direction. In the 
latter case, however, the recession is accompanied by a gradual low- 



Fig. 35. Pothole in bed of Blackstone River, 
Massachusetts. By W. C. Alden. Courtesy Geological 
Survey, U . S. Department of the Interior . 
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ering of the falls. A relatively hard rock stratum or an igneous dike 
standing in a vertical position makes waterfalls that will not recede, 
hut will be gradually worn down. Of course, a river can not erode 
.upstream from a falls below the lowest point on the lip of the falls, 
even though the rock upstream beyond the obstruction may be weak. 
A temporary base level is thus established, which continues in effect 
as long as the falls exist. Waterfalls art temporary features, even con¬ 
sidering the life of a river. The forces of erosion eventually either 
cut through or into the resistant rock until its obstructive effect is 
destroyed. 

Falls may be responsible for the cutting of pot-holes (Fig. 35), con¬ 
cave depressions in the bedrock surface at the foot of a waterfall. Pot¬ 
holes are worn by churning boulders agitated by the falling water. 

Waterfalls create some of our most beautiful scenic features. The 
plunging torrents are also of great practical importance as a source of 
power. The United States contains a large number of waterfalls. 
Some in the mountainous states of the west drop from great heights 
(Fig. 36). The most famous falls in the country, however, are those 
of the Niagara River in New York and Ontario. Just before reaching 
the brink of these falls the river is divided by Goat Island into two 
channels, one of which lies in the United States. The American Falls 
is 1400 feet wide. Water passing over the Canadian or Horseshoe 
Falls drops into the lower gorge of N iagara River from a semicirculai 
brink about 2600 feet in length. The vertical height of Niagara ip 
about 165 feet. The magnificent Victoria Falls of the Zambezi River 
in Africa, first glimpsed by David Livingstone in 1855, far exceed 
Niagara in magnitude. The Zambezi river drops 420 feet from a 
basalt-capped plateau into a deep gorge. The channel at the brink is 
over a mile in width but is broken by a number of islands. The great 
height of Victoria Falls, combined with the enormous volume of 
water carried, makes it the greatest in the world. Seen by few people 
until a relatively short time ago, it has become much more accessible 
since the construction of the Cape to Cairo railroad, which bridges 
the canyon a short distance below the falls. 

‘ Piracy. The theft of water from one river by another 
is called piracy. In the headward growth of rivers, the larger bften 
develop at the expense of the smaller. A large stream cuts its channel 
to a lower elevation than a small stream and, as it and its tributaries 
grow headward, they cut into the drainage areas of other streams and 
divert theNvater. Of course, the valley below the point of piracy is not 
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Fig. 37. A divide between two streams undergoing attack by tributary of 
stream on right. By John Jesse Hayes. 



Fig. 38. The same region after the tributary has cut through the divide and 
captured the other stream. By John Jesse Hayes. 












9® Geologic Processes 

affected, but the stream occupying it is insignificant because the size 
of the area which it drains has been greatly diminished (Figs. 37 and 
38). Piracy explains the condition noticeable in many localities, as in 
the Appalachian Mountain region, where a relatively small stream 
occupies a large valley. Many so-called notches or wind gaps in moun¬ 
tainous areas are valleys cut long ago by streams that were later 
diverted. 

Land forms resulting from differential erosion. Differ¬ 
ential erosion, the faster removal of less resistant rocks, allows more 
resistant rock masses to stand above the general level of the country. 
Weathering acts selectively, softening, decomposing, and disintegrat¬ 
ing the less resistant rocks at a more rapid rate. Soluble rocks arc- 
dissolved and relatively insoluble rocks are left behind. The leaching 
agent may be surface water, but more work of this type is done by 
percolating and ground water. Wind, rain wash, and running water 
carry on differential erosion, removing the more easily eroded rock, 
and in many instances a distinctive topography results. Igneous rocks, 
in most instances, are more resistant than sedimentary rocks; hence 
they form hills, buttes, ridges and mountains in a region containing 
both types of rocks (Figs. 39 and 40). Stratified rocks of varying re 



Flg. 39. Vertical igneous dikes make great rock walls where differential ero- 
sioft has removed softer rock on either side. Spanish Peaks area, Colorado. 

By Af. V. Denny . 
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sistance erode into distinct topographic forms, the shapes of which 
depend upon the structural position of the rock. 

Mesas are flat-topped hills or mountains (Fig. 41). They are found 
only where the rocks are stratified (layered), and the strata, horizon¬ 
tal or nearly so, are of markedly unequal resistance to erosion. The 
‘cap rock” of a mesa is invariably more resistant rock, such as sand¬ 
stone, limestone, or lava. The underlying, weaker, soft rock exposed 
on the sides of the mesa is eroded by wind and running water. As the 
sides are cut back, the resistant cap rock falls off in large fragments, 
which loll to the bottom of the slope. When the mesa has shrunk in 
area so that but a small remnant of the original cap remains it is 
known as a butte (Figs. 42 and 43). This term is also popularly 
applied to other types of hills. When the cap rock is completely 
destroyed, the forces of erosion have free access to the less resistant 
underlying rock and the hill is soon destroyed. 

Differential erosion ol flat-lying sediments of unequal resistance 



Fig. 40. Hard granitic rocks in background erode differentially to produce 
mountains. Near-vertical hogbacks of sandstone at right center. Front Range, 
including Pike’s Peak, Colorado. By H. L. Standley. 
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Fig. 41. Butte or small mesa used as village site, by Indian tribe because of 
easy defense. Acoma, New Mexico. By permission Spence Air Photos. 

outcropping on the sides of a valley creates rock benches (Fig. ^). 
A well known example is the Grand Canyon of the Colorado, wifere 
the walls consist of a series of steps from the rim down to the ‘river 
eroded in alternating resistant sandstones and weak shales. 

Differential erosion produces an entirely different type of topog¬ 
raphy where rcJcks of varying resistance are tilted. If the strata dip 
steeply, elongate ridges known as hogbacks are produced. The rela¬ 
tively hard “cap rock,” which is tilted in conformity with the struc¬ 
ture of the rocks, forms the surface of one flank (the dip slope) of the 
hogback (Fig. 40). As the underlying softer rock exposed on the other 
flank is eroded faster than the “cap rock,” the latter is undercut and 
breaks off in fragments which roll to the foot of the slope. Continua¬ 
tion of this process, although it does not totally destroy the hogback, 
lowers its, summit elevation, whereas the summit elevation of a mesa 
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is not altered until the mesa itself is destroyed. Hogbacks commonly 
occur as a series of parallel ridges because of alternation of resistant 
and weak rocks (Fig. 45.) Such features are characteristic of areas 
underlain by folded sedimentary rocks, as are parts of the Appala¬ 
chian Mountains of the eastern United States. Rivers occupy valleys 
between hogbacks. The tributaries on one side of each of these 
streams cut their valleys in the relatively soft rock underlying the 
cap rock, whereas the tributaries on the other side of the stream 
flow down the dip slope of the rock capping the next hogback. The 
tributaries are relatively short and flow into the parent stream nearly 
at right angles. The typical stream pattern in a hogback region is 
called trellis because the main streams lie parallel to each other and 
the tributaries come in at, or nearly at, right angles. 

Desert land forms. The arid lands of the southwestern 
part of the United States, from the Great Basin southward into Mex¬ 
ico, exhibit many erosion forms different from those occurring in 
more humid regions. Scattered mountain ranges with intermontane 
basins are the rule. Between the steep mountain fronts and the rela- 



Fig. 42. Buttes in Monument Valley, Arizona. Thick sandstone bed capping 
shale and thin sandstone series. By M. V. Denny. 
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tively flat basin floors are great pediments , or apron-like rock slopes, 
which encircle the mountain ranges. The pediments may be thinly 
veneered with waste rock. The bed rock, regardless of kind or struc¬ 
ture, is truncated and beveled so that it slopes away from the moun¬ 
tain core. It is believed that pediments are formed by a combination 
of weathering and the erosive activity of ephemeral streams draining 
the mountain ranges. 

Another land form characteristic of arid (and semi-arid) regions is 
badlands (Fig. 46). In addition to lack of protective vegetation, easily 
eroded bedrock is essential to badland formation. 

Degradation . The ultimate objective of running 
water and other forces of erosion is to level off the continents until 
they stand at a minimum elevation above the sea. The depth to 
which rivers can erode is definitely limited; a river entering the 
ocean can cut its channel no deeper than a few feet below sea level, 
and the downward erosion of a river entering a lake is limited by the 
approximate level of that lake. The lower limit of downward ero¬ 
sion of a continent is called base level . It has been shown that with 
erosion of the lands, sea level would rise because of deposition of 



Fig. 4$. Toadstool rocks, or buttes in miniature. Cap rock is indurated 
(hardened) sandstone. Monument Park, near Colorado Springs, Colorado. 

By M: V, Denny . 
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sediment in the oceans, and therefore ultimate base level is higher 
than base level established by present sea level. A lake establishes a 
temporary base level for entering streams, temporary because even¬ 
tually the outlet stream will cut its channel to sufficient depth to 



Fig. 44. Dissection of a plateau surfaced with a layer of relatively resistant 
flat-lying “cap rock/’ The origin of mesas and buttes. By John Jesse Hayes. v 





























Fig. 46. Bryce Canyon National Park, Utah, from Inspiration Point. An 
extreme example of badlands. Courtesy Union Pacific Railroad. 


drain the lake. A hard ledge of rock in a river channel may establish 
a temporary base level upstream. 

No continents have been worn down to base level during the pres¬ 
ent cycle of erosion. In recent time, parts of all of the continents have 
been elevated high above the sea, so that, so far as geological time is 
concerned, degradation in the present erosion cycle in most places 
has been going on for but a short while. In the more distant geologic 
past, erosion reduced large areas of the continents many times. In 
fact, the mountains and high plateaus of the present are not typical 
of the past, for over the greater part of traceable geological time the 
continents stood at relatively low elevation. 

A region that has been reduced to generally low elevation and sub¬ 
dued topography by erosion is called a peneplain . Literally this word 
means “almost a plain/' but actually no peneplain is ever very flat, 
for outcropping masses of more resistant rocks form local hills and 
ridges. Prominent hills that rise above the general surface of a pene¬ 
plain are known as monadnocks. 
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That part of North America contiguous to Hudson Bay is a pene¬ 
plain, modified by glaciation. Much smaller peneplaitied areas exist 
in a few other parts of the continent. Elsewhere, running water and 
the other agents of erosion still have a great task before them, and the 
higher the elevation the greater is the volume of material yet to be 
removed before complete gradation is accomplished. The’’ average 
height of the North American continent is about 2,000 feet. The 
agents of erosion lower the surface of the continent at an estimated 
rate of one foot every five to ten thousand years. It is not feasible, 
however, to estimate the number of years it would take at that-rate 
to reduce the continent to base level because, in the future, the rate 
will become increasingly less due to decreased stream gradients. 
Climatic changes, especially in rainfall, will alter the degradation 
rate. Furthermore, interruptions brought about by diastrophism 
(movements of the earth’s crust) undoubtedly will take place. The 
uplift of a continent or a part of a continent increases the volume of 
material to be eroded before base level can be reached. On the other 
hand, depression of the continent would bring the ultimate goal that 
much nearer. We know from studies in physiography and historical 
geology that many such interruptions have taken place, both in the 
recent and in the geological past. 

RESULTS OF DEPOSITION BY RUNNING WATER 

Stratification of sediment. Running water is a very 
effective sorting agent. The sediment deposited at any one point in 
the bed of a stream will be alike in size because it is all adjusted to 
the same current velocity. Gravel, sand, and silt therefore occur in 
separate and distinct deposits. 

Variations in stream velocity at any point at different times result 
in the deposition of sediment in layers of different texture. One 
layer may be composed of gravel, and the next of sand. Then an in¬ 
crease in velocity may cause deposition of another layer of gravel. In 
this way, stratification, a characteristic of all sediment deposited by 
agents capable of sortings is produced. 

Alluvial fans. Where streams change velocity sud¬ 
denly upon emerging from an upland area onto a plain, an alluvial 
fan is built (Figs. 47, 48, and 49). The silt, sand, gravel, and boulders 
carried by the faster moving water are dropped in a fan-shaped de¬ 
posit, with the apex of the fan at or in the canyon mouth and the rest 
of the fan spreading over the adjacent lowlands. The fan shape re- 
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Fig. 47. Alluvial fans, Death Valley, California. By permission Spence 
Air Photos. 



Fig. 48. Apex of alluvial fan. Death Valley, California. By permission 
Spence Air Photos. 
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suits^om the choking of the stream with sediment at the mouth ol 
the canyon, because of the sudden lessening of gradient at that point. 
7"he stream is thus diverted into another position where it once more 
becomes filled with sediment and so must move again. By deploying 
Back and forth from a fixed point (the canyon mouth) the stream 
builds a low cone which extends in a half circle from the mountain 
front on one side of the canyon mouth around to the mountain front 
on the other side. As erosion proceeds, deposition may also extend 
the apex of the fan up the canyon. 

Flood-plains. The flats at the bottom of valleys are 
called flood-plains. The establishment of a flood-plain is brought 
about by inequalities or obstructions in the stream bed, which divert 
the current from a straight course. Centrifugal force creates the high¬ 
est current velocities on the outside of the curves in the stream; mini¬ 
mum velocities occur on the inside, or concave side, of the curves. 
Therefore, lateral erosion, or planation, is active where the stream 
swings against the bank, and the material eroded from this point will 
be carried downstream to be deposited on the inside of other curves 
where the velocity is low. In its early stages, a river flood-plain is dis¬ 
continuous and is located first on one side of the stream and then on 



Tig. 49. Compound alluvial fans which have begun to bury low hills in 
center. Death Valley, California. By permission Spence Air Photos. 
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the other in the concavities of the river bends. But, as the valley bot¬ 
tom is widened by lateral planation, the curves shift downstream, so 
that at one time or another all parts of the valley bottom receive 
sediment. In this way a flood-plain is built. During floods, parts of 
this low-lying river-made land are inundated (hence the name “flood- 
plain”) , and a layer of silt or other sediment is left behind when the 
waters recede. 

Many cities and smaller communities are built upon flood-plains 
because of their flatness and, in earlier days at least, because of the 
use made of rivers for communication and transportation. The soils 
of most flood-plains are fertile and are intensively farmed. 

Meanders. The winding of a stream on its flood-plain 
is known as meandering. It is a continuation of the same process of 
erosion on the outside of curves and deposition on the inside that 
initiated construction of the flood-plain. When lateral planation has 
widened the valley floor sufficiently, the curving path of the river is 
largely confined to the flood-plain which it built. During construc¬ 
tion of the flood-plain, the sediment is reworked many times through 
erosion and redeposition. The relative ease of erosion of flood-plain 
material accelerates the development of meanders. The centrifugal 
force of the current on the outside of a curve causes it to “eat” into 
the bank, thus increasing the curvature of the stream at that point. 
At the same time the adjacent but opposite curves also are increas¬ 
ing their curvature by lateral erosion. Consequently, the course of a 
river on a flood plain becomes a series of loops which, in general, lie 
across the trend of the valley. Because of these meanders, river traffic 
may have to go ten or fifteen miles to cover a distance of but three or 
four miles up or down the valley. 

Eventually, the loops enlarge to such an extent that the distance 
across a “neck” becomes very short. A stream, cutting into its banks, 
may break through a meander, especially during floods, thereby 
shortening itself and abandoning several miles of river bed. In many 
instances this process is hastened during a flood when the river, cov¬ 
ering most or all of the flood plain, scours out the short cut. Aban¬ 
doned meanders are known as oxbows, many of which contain lakes. 
Hundreds of oxbows and oxbow lakes are present along the lower 
Mississippi River. 

Mark Twain in Life on the Mississippi writes with his character¬ 
istic humor of his experiences, and of the vagaries of the Mississippi 
River, as follows: 
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The water cuts the alluvial banks of the “lower” river into deep 
horseshoe curves; so deep, indeed, that in some places if you were to 
get ashore at one extremity of the horseshoe and walk across the 
neck, half or three-quarters of a mile, you could sit down and rest a 
couple of hours while your steamer was coming around the long 
elbow at a speed of ten miles an hour to take you on board agam. 

. . . Once there was a neck opposite Port Hudson, Louisiana, which 
was only half a mile across in its narrowest place. You could walk 
across there in fifteen minutes; but if you made the journey around 
the cape on a raft, you traveled thirty-five miles to accomplish the 
same thing. In 1722 the river darted through that neck, deserted its 
old bed, and thus shortened itself thirty-five miles. 

Twain then lists a number of other occurrences of river shorten¬ 
ing, some prehistoric but many since his own day on the Mississippi, 
and draws the following conclusion: 

In the space of 176 years the lower Mississippi has shortened itself 
242 miles. That is an average of a trifle over one mile and a third 
per year. Therefore, any calm person, who is not blind or idiotic, 
can see that . . . just a million years ago next November the Lower 
Mississippi River was upward of 1,300,000 miles long, and stuck out 
over the Gulf of Mexico like a fishing-rod, and by the same token • 
any person can see that 742 years from now the Lower Mississippi 
will be only a mile and three-quarters long, and Cairo and New 
Orleans will have joined their streets together, and be plodding com¬ 
fortably along under a single mayor and a mutual board of aider- 
men. There is something fascinating about science. One gets such 
wholesome returns of conjecture out of such a trifling investment 
of fact.* 

Levees . Water overflowing the banks of a river suffers 
a decrease in velocity due to the relatively greater friction of the 
thinner sheet of water against the surface over which it flows. This 
brings about deposition, and eventually a natural levee will be built 
on both sides of the river parallel to the banks. Along parts of the 
lower Mississippi the highest land for miles around is the river banks. 

Deltas . Deltas are built where a river enters a lake or 
the sea. The sudden diminution of velocity causes deposition of sedi¬ 
ment. As th<e channel becomes choked, the river seeks another chan¬ 
nel, or, divides into a number of branches, each one of which enters 
the lake or sea at a different point. Dendritic branching, somewhat 
similar to the forking of the tributaries upstream, takes place on the 
delta, but it is on a smaller scale and is directed, downstream instead 
of upstream. 

1 Stormfield Edition, Vol. 12, pp. 153-156. New York: Harper & Brothers, 1929. 
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Some of the major rivers have extended themselves several hun¬ 
dred miles out into the ocean through delta building. The city of 
New Orleans is built upon the delta of the Mississippi about 115 
miles above the present mouth of the river. Much of the fertile land 
of Egypt lies upon the delta of the Nile, and most of the coastal towns 
of Alaska are built upon deltas, the only flat or nearly flat land 
available. 

Placer deposits. Placer deposits contain valuable min¬ 
erals which have been mechanically transported and then deposited 
in abundance because they possess specific gravities greater than that 
of the associated minerals (see Fig. 10). Three conditions are essential 
to the formation of placer deposits. In the first place, the region sup¬ 
plying the minerals to the placers must be one where erosion pro¬ 
ceeds very rapidly, for no mineral is completely insoluble or chem¬ 
ically inert, and if denudation is slow the minerals will be destroyed. 
Second, the mineral itself must be resistant to solution and decay, 
otherwise it will not survive even though erosion be rapid. Lastly, 
the mineral must be heavier than the valueless material that is trans¬ 
ported at the same time, or it will not be sorted and deposited in 
concentrated masses. 

Most placer deposits occur in the beds of streams. The placer min¬ 
erals are a part of the stream alluvium and consequently are in the 
process of being shifted down the valley, unless the stream has 
reached base level. Flood waters roll the boulders and gravel down¬ 
stream, and the relatively heavy placer minerals work through the 
crevices developed during this shuffling and eventually find lodge¬ 
ment on top of the bed rock beneath the alluvium. Knowing this, 
the placer miner loses no time in getting down to the deepest zone 
of gravel, for there the greatest values occur. 

The prospector knows that placer deposits are not always confined 
to the present streams but are found in ancient abandoned water 
courses. The latecomers in the Klondike rush of 1898 found the beds 
of Klondike and neighboring creeks completely staked. They dis¬ 
covered, however, that high on the flanks of Klondike valley were 
remnants of an old stream channel and that its gravels likewise con¬ 
tained placer gold. 

Gold is the best known of placer minerals. Placer gold is almost 
invariably discovered before the bed-rock deposits are found. Its 
presence can readily be detected by testing river alluvium in a 
miner's pan. Following the discovery of placer gold comes the find- 
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ing of the “mother lode” from which the placer deposits have been 
derived. In many instances this mother lode is sufficiently rich to 
exploit, and the mining of vein gold may continue for many decades 
after the alluvial deposits have been exhausted. However, in some 
localities it has been found that the gold or other placer mineral is 
not sufficiently concentrated in the source rock for profitable min¬ 
ing but that the alluvial deposits can be worked successfully because 
of the greater concentration brought about through the action of 
running water and the lesser cost of placer mining. 

Most of the world’s platinum once came from placer deposits. 
Dark-colored igneous rocks in the Ural Mountains of the U.S.S.R, 
contain scattered grains of platinum and allied metals, but in too 
lean a concentration to be minable ore bodies. However, the allu¬ 
vium in the stream valleys draining the area contains sufficient plati¬ 
num to be workable. Other important placer minerals are the ores 
of tin and tungsten. In addition, several non-metallic minerals, in¬ 
cluding diamonds and rubies, occur in placer deposits. 

Sand and gravel deposits. Sand and gravel, products 
of the wearing away of rocks exposed at the earth’s surface, consist 
of the more resistant minerals present in those rocks. The average 
sand is over 90 per cent quartz, because of the initial abundance of 
this mineral and its resistance to processes of decay. Sand and gravel 
are transported, mainly by running water, from their point of origin 
to a place of deposition. During this transportation the rock parti¬ 
cles become worn and rounded. 

Commercial deposits of sand and gravel are scattered over the con¬ 
tinents in a variety of environments. Many stream beds contain sand, 
or a mixture of sand and gravel, that can be excavated or dredged. 
Unlike most other mineral deposits, the sand and gravel in a river 
bed may be periodically replenished, since every flood brings in a 
fresh supply. The usual river flood plain also, although composed 
mostly of silt, has within it zones of coarser material, marking former 
channels of the river, which are valuable sources of sand and gravel, 
and also of ground water. Sand and gravel are obtained in some re¬ 
gions from terrace deposits, remnants of older and higher flood 
plains. Such deposits ordinarily are discontinuous, because of ero¬ 
sion by streams belonging to the present drainage system; but, once 
the trend of the old river which formed the deposits has been deter¬ 
mined by the locations of two or three remnants, it may be possible 
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to prospect in the directions indicated and discover additional 
supplies. 

The principal use of sand and gravel is for building and highway 
construction, in preparation of concrete, mortar, asphalt, and road 
surfacing. Sand is important also in the manufacture of glass and of 
molds in which metal forms are cast, for abrasive purposes (sand 
blasting), as a refractory used in lining furnaces, and as engine sand 
which the locomotive engineer pours onto the rails to keep the 
wheels from slipping. 

CLASSIFICATION OF STREAMS 

Streams may be classified in a variety of ways. One classification is 
based upon the stages of development of a stream and its valley. This 
is a classification measured not in years but in the progress of the 
stream through its life history. Another classification is based upon 
origin; still others are concerned with the relationship between the 
stream and the attitude of the underlying rocks and with changes 
which have taken place that interrupted the normal history of the 
stream. These classifications are discussed below. 

Stages of stream and valley development. The physi¬ 
ographer, or student of the various forms of topography, designates 
streams and their valleys as either young, mature, or old. These age 
terms are purely relative and are not definable in years. A youthful 
stream and its valley may be older in years than another which has 
reached maturity, or even old age. 

The use of these terms needs explanation. For example, an indi¬ 
vidual standing on the rim of Grand Canyon considers this valley 
very old, for without doubt the Colorado River has taken many hun¬ 
dreds of thousands of years to cut the gorge. However, the physiog¬ 
rapher calls the canyon young, because it is relatively narrow and the 
river at its bottom is still cutting downward at a fairly rapid rate. 

The age terms are not ordinarily applicable to a stream and valley 
along their entire length. Many streams and valleys are old near the 
mouth, young near the headwaters, and mature in between. The age 
can be determined in most instances either by direct study of the 
stream and valley or by study of maps or airplane photographs of 
them. 

Streams and valleys are youthful from the time the stream starts 
eroding its valley until the profile of equilibrium has been estab- 
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lished. A stream approaching grade reaches the profile of equilibrium 
when the work it has to do approximately balances its capacity to do 
work. In early youth, many lakes may occur along the course of a 
stream. These are eliminated by filling with sediment and by down- 



Fig, 50. Young V-shaped valley cut into cliff-forming sandstone. Talus cones 
covet most of narrow valley floor. Zion Canyon from Observation Point. Photo 
by Grant. Courtesy U. S. Department of the Interior. 



Running W ate r 115 

cutting at the outlet. There follows a period when rapids, cascades, 
and even waterfalls occur along the route from headwaters to mouth. 
Obviously the gradient of the stream is greatest during this stage. 
Erosion is dominant during youth, with the stream cutting steep- 
walled, V-shaped valleys as shown in Fig. 50. Valley cutting is vigor¬ 
ous both laterally and vertically. The Colorado River in the Grand 
Canyon at Bright Angel Trail has cut a gorge about a mile deep, but 
at the same time the valley has been widened at the top by other 
erosional processes for a distance of about fourteen miles. 

With the establishment of the profile of equilibrium, streams and 
their valleys become mature . Downcutting is exceedingly slow, and 
lateral erosion increases relatively, but not actually, in effectiveness. 
Narrow erosion plains are excavated along one or both sides of the 
stream and are covered with sediment during times of flood. Thus is 
initiated the river flood plain which widens as the river grows older. 

With the establishment of a valley flat, the stream is free to mean¬ 
der at will. Coincident with the building of the flood plain, the 
sides of a mature valley develop increasingly gentle slopes, except 
locally where meander loops extend to the flood plain edge and 
undercut the rock on the sides of the valley. In some instances an 
over-supply of sediment, especially during low water, causes the 
stream to flow through a net work or “braid” of channels because 
the stream bed is choked with bars of gravel, sand, or silt. 

Full maturity is reached when the width of the meander belt 
equals the width of the valley floor. The meander belt is the territory 
lying between imaginary lines connecting the outermost loops on 
each side of the stream. Eventually, when the lateral planation pro¬ 
cess has widened the valley floor so that it is several times, the width 
of the meander belt, the stream and valley are old . While this is not 
as distinct a demarcation as that between youth and maturity, fully 
developed old age is easy to recognize. Old river valleys have ex¬ 
tremely wide flood plains and are bordered by such low divides 
that the slope of their sides may be almost imperceptible. Oxbows 
and oxbow lakes are common on flood plains of old streams because 
of frequent cutting off of meanders (Fig. 51). 

Stages in the dissection of a land mass. Physiographers 
also use the terms “young,” “mature,” and “old” in reference to the 
stage of dissection of a land mass. The ages of the valleys and streams 
incised in a land mass do not necessarily coincide with the stage of 
dissection of that land mass. The basis for age classification of a land 
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mass is the amount of work accomplished. A plateau which is cut 
into by only a few streams still contains most of the rock which it is 
the task of the agents of erosion to remove. Therefore, such a plateau 
is youthful (Fig. 52). It is drained by a relatively small number of 
widely spaced streams, separated by divides which are nearly flat. A 
land mass becomes mature when stream erosion has destroyed the 
broad'plateau surfaces but has not yet lowered the divides very far 
below their original elevation. In regions high above sea level, ma¬ 
ture topography is a succession of mountainous ridges separated by 
deep canyons; in a land mass which was initially at lower elevation, 
the mature landscape is a complex of lower, rounded or sharp-crested 
hills and broader valleys. In any case, maturity is characterized by the 
maximum diversity of relief which will be developed in a region 
during the existing cycle. 

By the time old age has been reached, the greater part of the rock 
originally above sea level has been removed; the divides are low with 
gentle slopes extending down to the valley flats. The ultimate in the 
dissection of a land mass is the peneplain, a nearly even surface of 
almost indistinguishable divides and broad flats. The peneplain 
stage is the last one in the cycle of erosion (p. 122); an uplift of the 
peneplain will start a new cycle. 



River at Roswell, New Mexico. By permission Spence Air Photos. 
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By permission Spence Air Photos. 


1X8 


Geologic Processes 

Classification of streams according to origin . The 
question as to why a stream flows in a given direction goes back to 
conditions existing when the stream first began cutting its valley. 
Most stream courses are determined by the initial slope of the land 
which favored a certain direction of flow. Such streams are called 
consequent streams because they are evolved upon the initial topogra¬ 
phy and have their courses determined by depressions in its slopes. 
If the course of the consequent (or any other) stream carries it across 
belts of more easily eroded rock, naturally the tributaries, which de¬ 
velop by headward erosion, will tend to follow the outcrop of the 
weaker rocks. Such streams, because they are dependent for their 
position upon the presence of rocks of lesser resistance to erosion, 
are called subsequent . The belts of weak rock may be outcropping 
beds of shale or other easily eroded sedimentary rock. They may even 
be igneous or metamorphic rocks which are more readily eroded 
than the surrounding rock. The tributaries of subsequent streams, 
where the latter are incised into tilted layers of weaker rocks, tend to 
develop headward directly up the dip slopes and scarp faces of the 







Fig. 55. Rivers which run across the ‘‘grain” of the rocks. These streams cut 
through the hard rock ridges; they are either antecedent or superposed. Ara- 
watz Mountains, San Bernardino County, California. By permission Spence 
Air Photos . 
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adjacent harder layers. The right angle branching produces a trellis 
drainage pattern instead of the more usual dendritic pattern. In 
some cases a subsequent stream does not follow a zone of weak rock, 
but a zone along which all rocks have been so weakened by earth 
movements as to be easily attacked by running water. 

Classification of streams according to relationship 
xoith underlying rock structure. Some streams, regardless of origin, 
fail to conform with the structure of the rocks in which they are en¬ 
trenched. In other words, a stream may flow across both weak and 
resistant formations (Fig. 53), across upfolds and downfolds, and 
even across blocks of the earth’s crust which have been elevated along 
faults above the surrounding areas. This lack of conformity can be 
explained in two ways. If the movements of the earth’s crust took 
place very slowly, the river may have been able to maintain its 
course by cutting through the upward moving area as fast as move¬ 
ment occurred. In this case we conclude that the stream acquired its 
course before deformation started. It is therefore referred to as 
antecedent. 

The other explanation is that the rock structures to which the 
stream fails to conform already existed, but were blanketed by over- 
lying rocks which did not possess these structures. The stream was 
developed on the higher surface in harmony with conditions exist¬ 
ing there. When it eroded into the different structures below, the 
streams did not conform to their new surroundings. This type of 
stream is superposed (superimposed) because it has been imposed 
from above, where conditions were quite dissimilar. 

Classification of streams according to effects produced 
by changes in level. The earth’s crust is by no means stable. Actually 
some sections are slowly being elevated and others are slowly being 
depressed. This movement, of course, effects the drainage of the area 
undergoing change in level. Where a part of the continent is low¬ 
ered with respect to sea level, the lower part of streams draining the 
area are submerged below sea level or drowned. The sea enters these 
valleys and stream erosion ceases. The fine harbors on the Atlantic 
coast of the United States from Chesapeake Bay to the Gulf of St. 
Lawrence are drowned river valleys. Similar changes in level pro¬ 
duced San Francisco Bay and Puget Sound. 

Many places have been uplifted. The immediate effect of the ele¬ 
vation is to increase the gradient of a stream and, therefore, to in¬ 
crease its velocity and erosion power. If such a stream had reached 
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its profile of equilibrium, the equilibrium would be destroyed by 
the uplift, and the stream would again begin active downward as well 
as lateral erosion. Such a stream is aptly spoken of as a rejuvenated 
stream. Rejuvenation is caused in other ways also. For example, a 
stream may have reached a temporary profile of equilibrium based 
on a lake along its course which has not yet been destroyed. When 
that lake is drained, the stream above may be rejuvenated. A climatic 
change that will produce a greater runoff will rejuvenate streams by 
adding to their volume and thus increasing their ability to erode. 
Piracy, or the capture of one stream by another, will have the same 
results. It is not always possible to tell where rejuvenation has been 
brought about by uplift or by other causes. 

Rejuvenation can be recognized by several criteria. If a stream 
with a flood plain is rejuvenated, renewed vertical erosion will leave 
the flood plain as a terrace on the sides of the valley, well above flood 
level (Fig. 54). Because of their unconsolidated character, terrace 
sediments are relatively easily removed by erosion and in many in¬ 
stances have been completely destroyed or exist only as remnants 



Fig. 54. Rejuvenated stream cut below old flood plain level leaving terrace 
on opposite side of valley. Volcanic neck in background illustrates differential 
erosion. Cabezon Peak, New Mexico. By W. T. Lee. Courtesy Geological Sur¬ 
vey, U. S. Department of the Interior. 
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found here and there along the river valley. A valley with gently 
sloping sides but with an inner gorge in which the stream is flowing 
is an evidence of rejuvenation. In this case the rock bench at the top 
of the inner gorge represents the level of the old valley floor, before 
the stream returned to vigorous downcutting. Yet another criterion 
of rejuvenation is entrenched meanders (Figs. 55 and 56). These are 
similar in plan to the meanders of the mature or old river, but in¬ 
stead of being cut into flood plain alluvium they are deeply en- 



Fig. 55. Entrenched meanders, initial stage. The meandering stream has 
been rejuvenated and has cut deeply enough below the flats so that deploying 
of the meander belt across the flood plain is no longer possible. Hoback River, 
Camp Davis, Teton County, Wyoming. By W. W. Doeringsfeld, 


trenched in bedrock. The meanders were originally formed by a rela¬ 
tively sluggish stream flowing on a flood plain. When the stream was 
rejuvenated, it began to downcut, but at so slow a rate that it fol¬ 
lowed its meander pattern. In a relatively short time, the flood plain 
on which the meanders originated was cut through, and downcutting 
continued into the underlying bedrock. Sheet wash and tributary 



Fig. 56. Entrenched meanders, advanced stage. Lateral planation on out¬ 
side of loop in left foreground may result in time in the river shortening its 
course. San Juan River, Utah. By permission Spence Air Photos. 

streams soon removed all remnants of the original flood plain, leav¬ 
ing the meanders cut in the rock. 

CYCLES OF EROSION 

A cycle of erosion begins when a land mass is uplifted or built and 
it, closes in such various ways as another uplift, depression below 
sea level, climatic change, volcanic eruptions. The uplift closes one 
cycle of erosion and starts a new one. It usually takes place before 
the land mass has been reduced to a peneplain. However, elevation 
always starts a new cycle $f erosion regardless of the stage of erosion 
in the interrupted cycle. 

Uplift results in the rejuvenation of the streams draining the land 
mass. Therefore the criteria f or rejuvenation given in the preceding 
section are also crij ^^M olgppp&tion cycles, but it must be remem¬ 
bered that rejuvemffmn may result from causes other than uplift. 
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Where a preceding cycle or cycles of erosion have produced a pene¬ 
plain, remnants of this surface may be recognizable in an elevated 
area. 

Of course, if the entire uplifted block is peneplained, all evidences 
of earlier cycles are obliterated, but in many cases only parts of the 
mass were peneplained before another elevation started a new cycle 
of erosion, hence remnants of several peneplains lying at different 
levels may be discernible. As a matter of fact, many regions show evi¬ 
dence of several cycles of erosion. A classic example is the Appala¬ 
chian Mountain region in eastern Pennsylvania. After diastrophism 
had created the original Appalachian Mountains, the forces of ero¬ 
sion destroyed them. The accordant summit levels of the present 
Appalachian ridges are interpreted by some geologists as remnants 
of this first peneplain. Then, possibly, submergence of the peneplain 
below sea level resulted in the deposition of coastal-plain sediments 
on top of the truncated older folded rocks. Gentle arching later 
raised this region above the sea. Consequent drainage was developed, 
which became superposed on the underlying rock as the relatively 
soft coastal-plain sediments were stripped off. This second cycle of 
erosion produced a second peneplain, which was arched by diastro¬ 
phism with increase in the gradient of the superposed streams so that 
they entrenched themselves in the older rocks. The major rivers, 
such as the Susquehanna, cut across the hogback ridges through 
canyon-like valleys called “water gaps.” During this third cycle of 
erosion, subsequent tributaries of the superposed streams developed 
terraces in the weak rocks. Before the intervening ridges composed 
of resistant rock were destroyed, another elevation rejuvenated the 
streams so that they incised new valleys below this older erosion sur¬ 
face. Again the weaker rocks were eroded so that further terraces 
were developed. A relatively recent uplift started the present cycle 
of erosion. The two younger erosion surfaces are represented today 
by two levels of terraces; the existence of the older cycles is inferred 
from the superposed rivers and the approximately accordant summit 
levels. 

The Rocky Mountains, and many other regions, also show evi¬ 
dence of the existence of older landscapes evolved during earlier 
cycles of erosion. Obviously the geologically recent vertical move¬ 
ment that rejuvenated the streams and caused the sculpturing of the 
mountain chains of the world into their present form was in reality 
a series of uplifts rather than a single vertical movement. 
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RUNNING WATER - ITS EFFECTS ON MANKIND 

Running water, as the cause of soil erosion and disastrous floods, 
is a destructive agent. When utilized for water power, transportation, 
water supply, and similar purposes, it is of enormous value to mam 
kind. The topography resulting from erosion and deposition by run¬ 
ning water has had a decided control on human migrations and on 
land utilization. 



Fig. 57. Gully starting in wagon 
tracks in a hay field. Indiana Coun¬ 
ty, Pennsylvania. Courtesy Soil Con¬ 
servation Service, U. S. Department 
of Agriculture. 

Soil erosion . Water running uncontrolled over farm 
land causes serious damage. In many places, it has been responsible 
for the removal of the top soil with its permeable structure and rich 
organic content and for the exposure of the underlying non-fertile 
rock mantle and bed rock. While soil erosion is taking place in the 
uplands, good crop lands at lower elevations are being buried under 
the silt and sand which is being stripped away. 

Soil erosion of cultivated land may be caused by the washing of 
plowed furrows which run down the slope of the land. Each furrow 
is an incipient valley in which rain wash collects. Where the slopes 
are steep, the unconsolidated rock mantle is easily eroded. Surface 
water likewise concentrates in wagon-wheel ruts, and deep erosion 
results where they run dpwn a slope (Figs 57 and 58). Erosion may 
be severe also in the master gullies which carry off the surface drain¬ 
age from a farm (Figs. 59 and 60). Like a river system, occasional 
water running in thesej^llies plittout tributaries, and headward 
erosion by this syst^ destroys a considerable acreage of farm 
land. Not only is it impossible to cultivate these badland areas, but 
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the gullies are a hazard to straying stock, and they impede travel 
about the farm. 

Practices which accelerate soil erosion include plowing and plant¬ 
ing up and down the slopes, burning the stubble after harvest, over- 
grazing, and deforestation. 

The United States Department of Agriculture established the Soil 
Conservation Service in 1935 to investigate the increasing wastage of 
land in this country. Some of the methods recommended by this 
organization to control wind erosion have been previously described 
(pp. 52-54) are applicable in retarding excessive erosion by running 
water. Any method of farming that will conserve moisture in the soil 
will diminish erosion by both wind and running water. 

Some control of top soil erosion can be exercised by a choice of 
crops planted. Planting of crops in rotation, alternating soil-deplet¬ 
ing crops with leguminous crops such as alfalfa that both restore nu¬ 
trient material to the soil and slow up the movement of water, is 
recommended. The use of cover crops, such as clover, that are sown 
or planted in thick stands in order to protect and enrich the soil be¬ 
tween the planting and harvesting of two main crops is also advised. 
One of the purposes of a cover crop is to reduce surface runoff, which 
in turn prevents excessive erosion of soil; the crop also adds valuable 



Fig. 58. Large gully in old road bed. Mecklenburg County, Virginia. Cour¬ 
tesy Soil Conservation Service, U . S. Department of Agriculture . 
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Fig. 59. Result of a 48-hour “gully washer” rain. 
Umatilla County, Oregon. Courtesy Soil Conservation 
Service, U. S. Department of Agriculture. 


organic matter to the soil and, when plowed under, increases the 
capacity of the soil to absorb water. 

Where sloping ground is being farmed, the Soil Conservation 
Service advocates plowing and planting on the contour, so that the 
furrows and ridges will run along and not down the slope. Arranged 
in this way, they catch water instead of aiding it to run off the land 
at the greatest possible speed (Fig. 61). Where the slope is steep, con¬ 
tour strip cropping is recommended, which is the planting of alter¬ 
nate bands of clean-tilled crops (planted in rows, with the soil be¬ 
tween the rows kept clear of vegetation) and thick-growing crops. For 
instance, rows of corn may be planted alternately with strips of wheat 
or oats. Runoff from the clean-tilled strips is caught and absorbed in 
the thick-growing bands below. Another method of controlling run¬ 
off on sloping farms is to terrace the slopes, thereby creating a series 
of flat surfaces winding aflbund the hill (Fig. 62). This has been done 
for centuries on the intensively cultivated hill areas of Europe and in 



Fig. 61. Contour furrows ploughed in pasture to catch.run-off. Oklahoma. 
Courtesy Soil Conservation Service, U. S. Department of Agriculture. 
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the interior of China. Mixing crop residues into the soil after har¬ 
vest changes the structure of the soil so that it becomes more porous 
to percolating rain water and less easily washed by surface runoff. 
Even where these various methods are being used, some runoff down 
the natural depressions already existing in the topography is inevi¬ 
table. Along such waterways grass cover should be established to 
prevent further gullying. 

Many methods of controlling existing gullies to retard further ero- 
sioijtfare described in publications of the Soil Conservation Service. 
Iif tome cases, a series of dams is built across the floor of the gully. 
The dams are built of masonry, loose rock, woven wire fence, 
wooden stakes, tree trunks, or brush (Fig. 63). Another method of 
gully control is to slope and grade the gully walls and to plant 
grasses, vines, shrubs, or trees both on the slopes and the gully 
floors (Fig. 64). 

Overgrazed land can be improved by stopping grazing for a period 
during which alfalfa and grass seed are sown or natural vegetation 
establishes itself. After the new stand of vegetation has appeared, 
grazing at a controlled rate may be allowed. Reforestation of defor¬ 
ested areas can be greatly accelerated by systematic tree planting. 



Fig. 62. Terraces built to prevent washing of steep hillside. Trees will be 
jdaiited in terraced channels. Courtesy Soil Conservation Service, U. S Depart¬ 
ment of Agriculture . 





Fig. 63. Series of rock dams built to check gully washing. Near Moore, 
South Carolina. Courtesy Soil Conservation Service, U. S . Department of 
Agriculture. 



Fig. 64. Abandoned road seeded to prevent gullying. Guilford County, 
North Carolina. Courtesy Soil Conservation Service, U . S. Department of 
Agriculture . 



130 


Geologic Processes 

Floods. Floods are the most disastrous of the natural 
phenomena. Floods are caused primarily by high precipitation dur¬ 
ing short periods in a drainage basin. This precipitation may be 
seasonal, such as that causing the annual floods of the lower Nile and 
of some of the Chinese rivers, or it may occur at irregular intervals 
so that a number of years ordinarily intervenes between floods. In 
some JUes, the intervals are of such length that only one great flood 
has occurred in historic times. Naturally, the speed of precipitation is 
an important factor, for heavy rain falling during a month will not 
cause such violent floods as an equal amount falling in a few days. 

In the United States, floods are increasing in frequency and magni¬ 
tude because of the greater runoff resulting from deforestation, over- 
grazing. and cultivation of areas previously covered with vegetation. 
Therefore the widespread adoption of practices recommended in the 
preceding section will not only reduce soil erosion, but will also de¬ 
crease the frequency and intensity of floods and the damage there¬ 
from. Such measures will also increase the supply of ground water. 

Mountainous regions blanketed with thick snow and ice fields may 
furnish flood waters when a warm wind blowing for several days 
rapidly thaws the snow and ice. 

Disastrous floods have been caused by the collapse of dams, sud¬ 
denly loosing a great volume of water. In most cases these dams are 
man-made. They have collapsed because an unusual volume of im¬ 
pounded water following heavy rains has exerted pressure too great 
for the dam to resist. Structural weaknesses in the dam itself or fail¬ 
ure of the rock beneath or at the sides of the dam have facilitated the 
collapse in some cases. 

Natural dams, such as ice and log jams, also impound large vol¬ 
umes of water which may suddenly escape to devastate the valley 
below. A glacier lying at the headwaters of the Knik River in Alaska 
dams the mouth of a tributary valley, causing a lake to form. Every 
few years the lake breaks through the ice barrier, and a wall of water 
races down the short valley to the sea. 

One of the most tragic floods in the United States was that which 
wiped out the city of Johnstown, Pennsylvania, late in the last cen¬ 
tury. “On May 31, 1889, after unprecedented rains, a dam across 
the South Fork, twelve miles above the city . . . gave way, releasing 
a body of water 60 to 70 feet deep and 700 acres in area. The flood 
swept down the valley in a mass twenty feet or more in height at its 
head, at a speed of twenty miles an hour, and within an hour almost 
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completely destroyed Johnstown and wiped out entirely seven other 
towns in the valley. The Pennsylvania Railroad bridge withstood the 
strain, and against it the water piled up a mass of wreckage on which 
many persons were saved from drowning, only to be burned when it 
caught fire. Between 2,000 and 3,000 lives were lost, out of a popula¬ 
tion of 30,000, and the loss of property was estimated at $12,000,- 
000.*’ 2 The lower Mississippi valley is periodically flooded, but the 
greatest flood in the annals of the Mississippi was most disastrous in 
the valley of a tributary, the Ohio. Early in 1937 swollen tributaries 
carried into the Ohio the runoff from record rains which had dropped 
an estimated 60 billion tons of water in the basin during 25 January 
days. The flood inundated many thousands of square miles, terroriz¬ 
ing people living in eleven states. All river towns were flooded. 
Paducah, Kentucky, a city of 35,000, was largely under water. Many 
smaller villages were completely swept away. Some have not been re¬ 
built, at least not on the same sites. The deaths ran into hundreds, 
chiefly caused by exposure. Nearly three-quarters of a million people 
were made homeless. The property damage in one week of destruc¬ 
tion was estimated at 500 million dollars. On the aftermath of the 
flood, we have this picture: 

The flood is over. Now the anxious townspeople can leave their 
temporary roosts atop the hills on the city’s rim. They struggle back 
to their homes—and to chaos. 

The town is soaking under a layer of oozing mud and dripping 
rubbish. Here beside a grimy piano with swollen, rigid keys lies the 
carcass of a horse. There stands a splintered telephone pole en¬ 
meshed in chicken wire, leaves and straw. Everywhere there is shat¬ 
tered glass, for thousands of windows in town have been crushed by 
the water’s force. 

The marching waters have stripped the bridge of its tar-block 
pavement, leaving a naked super-structure. They have jerked huge 
slabs of concrete off the highway. They have undermined the side¬ 
walks, either shattering the heavy flagstones or tossing them out of 
position. 

Down the street is the Griffin house—once white, but now, from 
the ground to the second floor, a muddy brown. Half of the fence 
around the yard is rusted and distorted; the other half washed away. 
In front of the house is a pile of tangled wood, a wicker chair, a sofa 
matted with talc-fine silt, a table, a battered shed. None of the ar¬ 
ticles belong to the Griffins. Neighbors will drop in soon to claim 
them. 

2 Encyclopaedia Brittanica, 14th edition, Vol. IS, p. 119. New York: Encyclopaedia 
Britanmcp Tnc.. 19S9. 
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In the parlor, one of the Griffin boys is playing the hose on the 
walls and ceiling. The jet of water dissolves a two-inch layer of mud, 
and a silt-laden stream flows along the ridges of the buckled hard¬ 
wood floors and out into the hall. Hosing is the only way of throw¬ 
ing off the flood’s residue. When the rooms are dry, the plasterer 
will come in, then the paper-hangers. The carpenter will lay the 
floors again. The glazier will reset the windows. Finally, painters 
wul burn off the brown collar of. the flood's watermark and make the 
house white once more. This will take about three months and will 
cost between two and three thousand dollars. The total will be more 
if the foundation has been weakened. 

Outside the town, of course, the waters have carried off not only 
homes and livestock, but acres of rich, planted farmland as well. 
Some of this latter has been deposited where the Griffin lawn used to 
be. There will be no lawn next June: instead will sprout a botanical 
potpourri of hollyhocks, corn, cabbages. 

When the rampant waters of the Ohio or the Mississippi or the 
Cumberland or the Little Miami fall back below their levees, Mrs. 
Griffin and her neighbors invariably return to what was once home 
—though they know that in coming years they will again hear the 
dreaded cry, “To the hills!” 3 

A combination of heavy rains and melting snows in the headwaters 
of the Columbia River in the Canadian Rockies in late May of 1948 
caused a most disastrous flood in the lower river a feiw days later. 
The river reached a height of 14 feet above flood level near Portland, 
burst through a railroad embankment which doubled as a dike, and 
covered the city of Vanport, Oregon, with 15 feet of water. The 
frame buildings of this huge war-time government housing project 
were floated off their foundations. The nunjjjfer of people made 
homeless by the flood in Vanport and otherj^mm uni ties in north¬ 
western Oregon and southwestern Washington exceeded 50,000. 

Many millions of dollars have been spenfand will be spent in the 
future on flood control projects. Reforestation retards the flow -of 
water off the mountain slopes in the headwaters of a drainage basin. 
A system of reservoirs in the tributary Valleys may be developed to 
control the volume of water flowing/into the main river, but the 
system breaks down when one flood closely follows another. Neither 
method of control is of avail in stemming floods which are due to 
excessive rainfall in the main valley. The principal method of at¬ 
tempting to control floods is by erecting embankments or levees 
along the river. By placing these levees back somewhat from the edge 

> Kramer, Thomas, "After the Deluge” (condensed from Today ), Reader's Digest, 
Vol. 30, No. 180, April, 1937. pp. 14, 15. 
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of the river a wide channel is provided which may be sufficient to 
carry off the flood waters. But it is not feasible to erect levees of 
such magnitude that a “super-flood” will be contained between the 
embankments. For such floods, spillways and “fuse plugs’* are in¬ 
serted in the levee system by means of which excess waters can be 
drawn off and large areas of the least valuable land inundated wher¬ 
ever possible. 

Methods of flood control are the problem of the engineer rather 
than of the geologist. The work of the latter in finding and approving 
rock for use in retarding erosion of river banks and levee walls is 
discussed on page 473. 

Use of rivers . Water flowing down the bed of a stream 
has energy, and, throughout historic time, men have used this energy 
as a source of power. In older days it was the custom to harness a 
fraction of this power by making the flowing water turn large wheels. 
Now the usual procedure is to divert the water from a stream, espe¬ 
cially above water falls or artificial falls created by the construction 
of a dam, and then, in some cases after carrying it by pipe or canal for 
considerable distances, drop it through steep or even vertically in¬ 
clined pipes, known as penstocks, into the turbines of a power house 
on the river bank. The turbines turn generators, producing elec¬ 
tricity, which may be carried by transmission lines to distant places. 
Only an extremely small percentage of the potential power of the 
water that is ceaselessly moving to the sea is utilized. However, the 
last few years have seen a great increase in generation of hydro-elec¬ 
tric power in the United States through the construction of Norris, 
Hoover, Bonneville, Grand Coulee, and other gigantic dams. 

Rivers have been utilized also for the transportation of men and 
goods. In fact, the exploration of many great areas, including the 
central part of the United States and the Northwest Territories of 
Canada, was made possible by river transportation. Rivers have been 
used in Europe for centuries as arteries of trade and communication. 
The traffic has been facilitated by the construction of many locks 
where rapids and falls made passage difficult or impossible and of 
many canals connecting different river systems. In the United States 
the construction of thousands of miles of railroad and the ever-in- 
creasing demand for speed in travel and transportation has led to a 
decrease in river traffic except in those rivers which are a part of the 
Great Lakes waterway. 

Rivers, however, have not lost their popularity for recreational 
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purposes. They are extensively used for swimming, fishing and boat¬ 
ing, and thousands of people annually visit and enjoy the magnifi¬ 
cent scenery of such river valleys as the Grand Canyon. 

Most of the larger cities of the world rely upon rivers for municipal 
and industrial water supplies. Rivers and streams also supply water 
to s many smaller communities and to individuals living along the 
banks. From the time of the earliest dwellers along the Nile to the 
present, river water has been diverted for use in irrigation. The 
great apple-growing district in eastern Washington is irrigated by 
water diverted from the Wenatchee, Yakima, and other tributaries of 
the Columbia River, and from the Columbia itself. Similar use is 
made of many other rivers in the western part of the United States. 

A little-known function of rivers is the disposal of human and in¬ 
dustrial waste. In developing a large metropolitan area it is highly 
desirable that an ocean, large lake, or river be available as a means 
of disposal of waste products. 

Effect of physiographic age on farming and routes of 
travel. Man adapts himself to the physiographic age of his geographic 
environment. Communication is easiest in old regions, where rail¬ 
roads and highways can be constructed across flood plains and divides 
alike without encountering excessive grades. The flat plateaus of 
a region in youth are likewise utilized for lines of communication, 
but difficulties are encountered where steep-balled valleys and 
canyons lie across the desired route. In mature regions of great relief, 
such as mountainous areas, the narrow river flood plains afford the 
only feasible route for rail and highway construction. However, if 
the mature region is one of low relief, it rn^y be possible by much 
cutting and filling and by detouring around the exceptionally high 
and low places to project a route across country in any direction. 

Late in the 1870’s both the Denver and Rio Grande Railroad and 
the Atchison, Topeka and Santa Fe Railroad sought to reach the new 
mining town of Leadville in the Colorado Rockies by following the 
valley of Arkansas River. However, at Royal Gorge above Canon 
City the river cuts through a mass of ancient crystalline rock and its 
valley is a canyon with room for only one line of tracks. Even the 
one track has to be suspended from trusses (the “Hanging Bridge”) 
at one exceptionally narrow point (Fig. 65). Local tradition has it 
that the construction crews for the two rival railroads fought for 
the right-of-way with pick handles; the Santa Fe men won the skir¬ 
mishes and extended their grade through the Gorge, only to lose it 
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(with reimbursement for construction costs) to the Rio Grande after 
a protracted series of legal battles which were ended by a Supreme 
Court decision. 

Agriculture is limited in the same way but not to quite the same 
degree. Other things, such as climate, soil, and market, being equal, 
the best farming land is to be found in regions of old age where both 
the flood plains and the low divides can be cultivated. Many regions 



Fig. 65. Hanging bridge in exceptionally narrow 
section of Royal Gorge, Arkansas River, Colorado. 
The only feasible route for the railroad was up this 
youthful valley. By Kenneth K. Landes• 
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in youth are not farmable except along narrow alluvial strips in the 
valley bottoms because of insufficient precipitation on the uplands 
and lack of available water for irrigation above the bottom of the 
valley. Many mature regions are farmed. In mountainous areas are 
great, natural forests, which support a logging industry. Alluvial 
terraces, in many instances, make exceptionally fine farm land, for 
they have all the advantages of flatness and fertility of flood plains, 
yet they lie at higher elevations and in consequence are not subject 
to periodic inundation. 

In most instances a mature river is much better for navigation 
than one in old age or youth. The excessive meandering of an old 
river may make the distances between places excessive, and the occur¬ 
rence of rapids and waterfalls hinders navigation in a young river. 
Several towns built on the banks of the Mississippi were subsequently 
isolated by a change in channel caused in most instances by the cut¬ 
ting through of a meander. Quoting Mark Twain again: 

These cut-offs have had curious effects: they have thrown several 
river towns out into the rural districts, and built up sandbars and 
forests in front of them. The town of Delta used to be three miles 
below Vicksburg; a recent cut off has radically changed the position, 
and Delta is now two miles above Vicksburg. Both of these river 
towns have been retired to the country by that cut-off . 4 

4 Op. cit., p. 8. 
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Ice as a Geologic Agent 


The importance of water’s freezing 
in rock and soil and causing disintegration by expansion during 
crystallization was discussed as a phase of mechanical weathering 
(p. 23). With this exception, ice is not a very important geologic 
agent except in regions where glaciers are present. River ice moves 
downstream with the spring thaw and transports a small number of 
rock fragments frozen to it. The ice blocks sometimes jam together 
to form a temporary dam which, unless it is soon destroyed by blast¬ 
ing, may impound a large body of water. Such dams are weak and 
eventually give way, releasing floods which cause great damage to 
farms and communities downstream. Lake ice may push up on the 
shore and shove the beach sand and gravel into mounds, known as 
“ramparts,” paralleling the edge of the lake. They are described 
and illustrated in Chapter 8. 

During certain periods of the past, when temperatures fell below 
normal over large areas of the earth, great sheets of moving ice called 
glaciers covered large areas and considerably altered the topography 
of the regions over which they advanced. It so happens that the last 
“Ice Age” or Glacial Period was so recent, as geologic time is meas¬ 
ured, that its effects are still readily observable in the glaciated areas. 
These are to be found on all continents but especially (due to greater 
land areas in the higher latitudes) in the Northern Hemisphere. In 
many mountainous areas, and in Greenland and Antarctica, lem- 
nants of Ice Age glaciers still exist. For this reason we can study the 
work of glaciers directly and infer from it what has taken place in 
regions from which glaciers have disappeared. 

GLACIERS 

A glacier is a mass of slowly flowing ice. The first step in its forma¬ 
tion is the accumulation of a permanent snow field. The lower layers 
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of the snow turn to ice through the re-freezing of snow temporarily 
liquefied under pressure, and thifUgh the condensation and freezing 
of moisture attempting to escape by evaporation. In a relatively 
short time, a thick body of snow changes from an incoherent aggre 
gate of light snowflakes into a dense mass of crystalline ice. 

Types. Glaciers are of four types: valley, piedmont, 
plateau, and continental. Valley glaciers occupy mountain canyons 
that have been cut by rivers. They move down the valleys as the 
rivers do, but with much less velocity. The mountain ranges of the 
world contained many valley glaciers during the Glacial Period, and 
as already stated, the higher mountains of the temperate zones, and 
much lower mountains in the polar areas, have valley glaciers today. 
Valley glaciers, because they follow the winding valleys of preexistent 
rivers, are tortuous and many times longer than wide. The largest 
valley glaciers are in Alaska where the combination of fairly high 
latitude, lofty and extensive mountain ranges, and heavy precipita¬ 
tion offers ideal conditions for abundant accumulation of ice. Within 
the boundaries of the United States proper, the largest group of val¬ 
ley glaciers is on Mount Rainier, a great dormant or extinct volcano 
in Washington. On this mountain, there are 24 glaciers from seven 
to fifteen miles long which descend from the great snow-ice fields at 
and near the summit of the peak. One of the largest valley glaciers 
in the world is the Beardmore, which extends from the ice cap on the 
Antarctic Plateau to the Great Ice Barrier on the coast. This ribbon 
of ice is 125 miles long and from 10 to 20 miles wide. 

A piedmont glacier is formed by the emergence of a valley glacier 
upon an adjacent lowland. Not infrequently a number of piedmonts 
unite to form an apron fronting the mountain range from which the 
valley glaciers come. Glaciers of this type are unimportant except in 
.Alaska where the topographic environment is favorable. However, 
during the Glacial Period, many piedmont glaciers existed even in 
what are now temperate latitudes. 

The accumulation of ice in a dome-like, outward spreading mass 
on a high plateau produces a plateau glacier. The surface of such a 
glacier does not reflect the configuration of the underlying rock floor, 
thus differing from mountain valley glaciers. However, tongues of 
ice extending outward from the margin of a plateau glacier may fol¬ 
low preexistent valleys and therefore can be classified as valley gla 
tiers. The best known examples of plateau gtaciers are in Norway. 
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Two great regions, Greenland and Antarctica, are largely covered 
by continental glaciers or ice she^g. These glaciers have a broadly 
domed surface, and their form is quite independent of local topog¬ 
raphy. The Greenland glacier covers all of that great island except a 
mountainous belt along the coast which is five to twenty-five miles 
wide. But large as is this ice mass, it is dwarfed by the glacier capping 
Antarctica, which has an area of about 5,000,000 square miles. The 
average thickness of the Antarctic ice is several thousand feet. 

During the Glacial Period, continental glaciers in North America 
and Eurasia were many times larger than the Antarctic ice mass. 

Origin. The conditions necessary for the existence of 
glaciers are (1) temperatures most of the time below freezing and (2) 
abundant precipitation. The former condition is met by high lati¬ 
tude or high altitude, or both. Without abundant precipitation gla¬ 
ciers will not form even though temperatures are low, for snow and 
ice in a thin blanket, instead of accumulating into a glacier, will 
disappear through melting and evaporation. The high mountain 
chains in Alaska, British Columbia, Washington, and Oregon, bor¬ 
dering the east side of the Pacific, are well watered by the prevailing 
westerly winds, so they are ideal places for the formation of glaciers. 

However, there is abundant evidence, including both glacial ero¬ 
sion and deposits, that during certain past epochs continental gla¬ 
ciers pushed into what are today temperate latitudes, that valley gla¬ 
ciers extended much lower in mountain canyons than they do now, 
and that they were present in mountains which are now ice free. Dur¬ 
ing the recent glacial period the snowline (limit of perpetual snow) 
averaged about 4,000 feet lower than it is today. Obviously, these 
periods of expanded glaciation resulted from temporarily lowered 
temperatures. 

Movement. The movement of valley glaciers has been 
likened to the movement of a river, but there is little actual simi¬ 
larity between the two beyond the fact that each flows down a valley. 
Glaciers are brittle solids which flow under pressure but which crack 
and break open upon passing over uneven places on the valley floor. 
Because of their rigidity, glaciers can move uphill where there is 
sufficient ice to overflow the obstacle. Rivers, of course, neither crack 
open nor run uphill. A continental glacier moves outward from its 
point of origin, where high precipitation has caused snow and ice to 
accumulate to such great depths that an outward sloping surface is 
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produced regardless of local topography. The principal movement 
of ice in a continental glacier apparently is confined to the marginal 
zone. 

The movement of ice involves more than simple sliding. Probably 
the most potent force is freezing and recrystallization. Ice at the sur¬ 
face thaws under the heat of the sun, and more deeply buried ice 
may liquefy due to the pressure upon it which lowers the melting 
point. Some of the melt water may escape from the glacier by evapo¬ 
ration and run-off, but part percolates into sections of the ice mass 
where the temperatures are below the freezing point, even at the 
pressure existing there. This water refreezes. Because water expands 
upon freezing, pressure is exerted where this change from liquid to 
solid is taking place and movement will result. The principal move¬ 
ment is in the direction of least resistance, which is down slope. The 
relative importance of movement through recrystallization is shown 
by the behavior of modern valley glaciers, which move much faster 
during the relatively warm summer months when melting is at a 
maximum. 

The rate of flow of several modern glaciers has been obtained by 
driving stakes across the surface of the ice and determining the posi¬ 
tion of the stakes with surveying instruments from time to time. 
Some glaciers move but a few inches a day, while others move several 
feet. The central part of the Mer de Glace in the Alps moves at the 
rate of 27 inches daily. In 1820 three guides attempting to ascend 
Mont Blanc in Switzerland were caught in an avalanche and buried 
in the ice of a valley glacier. A scientist well acquainted with the 
rate of flow of Alpine glaciers predicted that the bodies would be re¬ 
covered at the terminus or foot of the glacier in a period of 35 to 40 
years. Forty-one years later the bodies appeared, after having trav¬ 
elled nearly 10,000 feet at an average rate of about 8 inches a day. 

Glaciers are analagous to rivers in that the rate of movement is 
not the same at all points. A valley glacier, like a river, moves at a 
fester rate in the middle than at the sides, so that a row of stakes 
driven across a glacier in a straight line soon has a decided curve 
downstream. The central part of the glacier moves faster probably 
because it is not retarded as much as the sides by friction of the valley 
walls. Lack of friction also allows the upper part of a glacier to move 
fester than the ice near the valley floor. 

Inhere mountains in high latitudes lie near the coast, many valley 
glaciers extend down to the sea and even out into it for short dis- 
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tances (Fig. 66). Glacial ice can exist below the snow line because it 
is constantly replenished from the great snow and ice fields which lie 
at the valley head. The lower limit of a valley glacier depends upon 
several factors. One is the size of the glacier. The greater the volume 
of ice, the farther it can flow into the areas of higher temperature, 
because of the greater quantity of ice to melt. The speed of motion 
is also a factor. Other things being equal, the faster the glacier moves, 
the farther down the valley it can advance. Of prime importance, of 
course, are the temperatures encountered in the lower valley. Gla¬ 
ciers occupying the valleys in the mountains of the Alaskan coast can 
extend to the sea because of the relatively low average temperature 
at sea level. The glaciers on the south side of Mount Shasta in Cali¬ 
fornia descend to an elevation of 11,000 feet, while on the north side, 
where the average temperatures are lower, they extend to an eleva¬ 
tion of about 9,000 feet. 

Glaciers are spoken of as “advancing” or “receding.” These terms 



Fig. 66. A glacier goes to sea. Childs Glacier, 
Alaska. By Henry Landes. 
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apply, of course, to the foot of the glacier. If the melting at the foot 
exactly balances the forward movement of the ice, the lower end is 
stationary, but, if the ice moves forward faster than it melts, the foot 
advances. A glacier near the Copper River Railroad in Alaska has 
advanced several different times since the tracks were laid, imperil¬ 
ing the narrow space available for the road. A receding glacier is one 
in which the ice at the terminus is melting back faster than the gla¬ 
cier is moving forward (Fig. 67). This does‘not mean that the glacier 
itself is moving back up the valley. The Nisqually glacier on the side 
of Mountain Rainier has receded several thousand feet during the 
last forty years. As a general rule, valley glaciers in the temperate 
zone have receded since they were first observed, but a number of 
glaciers in more northern latitudes have advanced during the same 
period. 

Features of valley glaciers . The glaciers that occupy 
the mountain and high latitude valleys of today have a number of 
common features. They are invariably crossed by great fractures. The 
sides and foot of each glacier are dark in color, because of soil and 
rock frozen in the ice. A stream of water emerges from the foot of the 
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Fig. 67. Receding glacier on left; ice-destroyed forest on right. Columbia 
Glacier, Alaska. By V . S. Grant Courtesy Geological Survey, U. S. Depart¬ 
ment of the Interior . 
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glacier; in fact, some mighty rivers have melting glacial ice as their 
sources. 

The cracks, or crevasses, that develop in glaciers result either from 
irregularities in the valley floor or from different rates of movement 
in different parts of the slowly flowing ice mass. Toward the foot of a 
valley glacier, the direction of the crevasses roughly parallels the val¬ 
ley, because of the tendency of the glacier to spread laterally at its 
lower end. Farther up the valley, the crevasses run across the glacier 
more nearly at right angles to the valley walls. 

A glacier picks up and carries dirt and rock. These ice-transported 
materials are referred to as moraine . Because of the down-valley 
movement of the ice, the morainal debris is carried to the foot of the 
glacier where it accumulates, forming terminal moraines, as the ice 
melts. The morainal materials accumulating at the sides of a glacier 
form lateral moraines . Where two glaciers merge at the forks of a 
valley, their inside lateral moraines coalesce to form a medial mo¬ 
raine which lies out near the middle of the glacier below the forks. 
Although these moraines are dark in color and appear from a distance 
to consist solely of rock and debris, examination shows them to be 
ice containing scattered rock fragments of varying sizes from pebbles 
to boulders. The term “moraine,” with its qualifying adjectives de¬ 
noting position, is also applied to the rock debris after the ice has 
dropped and abandoned it by melting and evaporation. 

Whenever the temperature rises above the freezing point, the ex¬ 
posed ice of the glaciers begins to melt. On warm days, water is 
formed in considerable volume throughout the length of the glacier 
and creates and feeds a multitude of streams that have their channels 
on top, within, or beneath the ice. Because of the crevassed charac¬ 
ter of the glacier surface, streams in most cases do not travel very far 
on top of the ice but tumble down a crevasse into the ice to follow a 
lower channel. The lower terminus of a valley glacier may have many 
streams emerging from the ice at different points and, farther down 
valley, coalescing into one big river. A large quantity of water also 
issues from the sides of the glaciers next to the valley walls. The vol¬ 
ume of water emerging from a glacier varies enormously between 
winter and summer, and even between night and day. A few glaciers 
terminate, at the present time, in a lake (Fig. 68). 

Observations of present valley glaciers, together with observa¬ 
tions made of the relatively small Continental glaciers existent today, 
permit us to interpret the record left by the tremendous glaciers of 
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the past. Geologists believe that the continental glaciers were crev 
assed in the marginal zone at least, where movement was taking place. 
They were completely encircled by terminal moraines. Lateral 
moraines did not exist, except along the sides of tongues which pro¬ 
jected out from the main ice mass. The amount of water discharged 
from the continental glaciers was enormous, especially where ice 
sheets reached relatively low latitudes. This water issued forth from 
countless points about the periphery. 

HOW GLACIERS WORK 

Like wind and running water, glaciers are important agents of 
erosion and deposition, but the mechanics of the processes are quite 
different. 

Erosion. Glacial erosion is accomplished mainly by 
plucking and abrasion. Glacial ice freezes onto a joint block (a mass 
of rock which has been loosened by jointing) and, as the ice moves 
onward, "plucks” or quarries out the block and carries it along. A 
valley glacier erodes by plucking at the head of the valley, where it 
is constantly pulling away from the mountain side, and from the 
valley walls and floor. Plucking by a continental glacier is confined to 
the floor. A glacier, riding over a bed-rock hill, does not pluck from 
the “upstream” side to any great extent, because the hill itself blocks 
the removal of the rock; but on the “downstream” side, where the 
hill slopes in the direction of glacial movement, the ice commonly 
freezes onto a jointed block of rock, pulls it straight out, and carries 
it away. Because of this plucking, glaciated bed rock hills have their 
steeper slopes, as a general rule, on the side toward which the 
ice moves. 

Ice. alone is softer than rock, hence it cannot abrade without tools. 
The abrasives used by moving ice are rock fragments, whose edges 
protrude from the bottom or side of the glacier and abrade or wear 
rock with which they come in contact. Glaciers also remove loose 
debris which is pushed ahead by the advancing ice front. 

Transportation. The rock load is transported in many 
cases for great distances by the moving ice. Most of the load is carried 
near the bottom of the ice and, in valley glaciers, along the sides. 

Valley glaciers receive showers of sliding and falling rock from the 
steep valley walls above; at first the fragments are carried on the top 
of die ice, hut later much of this debris works its way downward into 
the ice. The streams emerging from the front of a glacier are loaded 
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with detritus, which they may transport far beyond the margin of 
the ice. Although this material is transported by running water, it 
may properly be considered a by-product of glacial activity, because 
both the water and the detritus come from the glacier. 

Deposition. The material transported by glaciers 
eventually is deposited by the dropping of debris under the ice as it 
moves forward, by emergence at the end of the glacier, and by aban¬ 
donment when the ice melts. Deposition under the ice occurs when 
rock works its way chiefly along crevasses through the ice until it 
reaches the floor over which the ice is moving. It may then be dragged 
along and dropped when the surrounding ice melts, or it may consti¬ 
tute too big a load to be carried farther, so that the glacier over¬ 
rides it. 

A glacier is continuously bringing material to its lower end, where 
it is deposited when the ice melts. Therefore the debris scattered 
through a glacier is destined to be deposited at its foot or, in a conti¬ 
nental glacier, along its margin. 

The disappearance of a glacier causes deposition of all the ma¬ 
terial in the ice. Even though the glacier front may be retreating, 
there nevertheless is forward movement of the ice until the glacier 
attains the last stages of stagnation. Therefore, as the ice melts, addi¬ 
tional debris is brought forward, so that a thicker veneer of material 
is deposited than would be by the melting of a stationary mass of ice. 

The rock fragments carried away from the ice by sub-glacial 
streams is deposited principally during the waning of flood waters. 
Much of this sediment is so finely ground by the glacier that it is 
carried to the sea before being deposited. 

EROSION BY VALLEY GLACIERS 

Erosion by valley glaciers has caused the removal of great volumes 
of rock and has produced various changes in topography. Some of the 
land forms are readily recognizable and can be used to prove the 
past existence of glaciers. Glacial erosion has produced unique fea¬ 
tures of great scenic charm, which are enjoyed by thousands of 
people each year. 

Cirques. The gap formed at the upper end of the 
reservoir ice of a valley glacier as the ice pulls away from the head of 
the valley in its forward movement is intermittently filled with snow. 
This snow turns) to ice, thereby becoming a part of the upper end of 
the glacier. Each time the ice pulls away from the valley head, it car- 
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ries with it loosened joint blocks. By this quarrying or plucking, the 
valley head is gradually deepened and widened to form a steep- 
walled amphitheater, known as a cirque (Fig. 68). Basins are com¬ 
monly excavated in the bottom of the amphitheater. Many small but 
extremely beautiful mountain lakes occupy cirques made by glaciers 
thousands of years ago. 

A mountain peak girdled by ice-filled cirques may develop the 
steep flanks and pyramidal shape for which the Matterhorn in the 
Swiss Alps is famous. Such peaks are called horns (Figs. 69 and 70). 
The quarrying action at the heads of two glaciers on opposite sides 
of a divide may produce a gap or col (Fig. 71) in the ridge which is 
analagous to the pass formed by headward erosion of opposite flowing 
streams. 

Glaciated valleys. Valley glaciers so change the form 
of mountain canyons that their presence can be proved long after 
ice has melted away. The normal mountain valley eroded by rivers 
is V-shaped, the sides converging at the valley floor. Glacial plucking 



Fig. 68. Cirque and cirque lake (Lake Ellen Wilson). Peak in center back¬ 
ground is Mt. Jackson; low pass or col visible in background at upper left. 
Glacier National Park. Photo by Hileman. Courtesy National Park Service, 
U . S. Department of the Interior. 
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Fig. 69. Mt. Gould, a horn in the making, at upper left. At least one of the 
characteristic pyramidal faces has been completed. Grinnell Lake on left. 
Glacier National Park. Photo by Hileman. Cou)tesy National Park Service, 
U. S. Department of the Interior. 



Fig. 70. Horn at upper right. Grand Teton Na¬ 
tional Park, Wyoming. By M. V. Denny. 
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and abrasion steepens the sides of the V-shaped valley, making it U- 
shaped (Fig. 72). They also widen and straighten the valleys. In 
most glaciated valleys a “shoulder” high up the valley side is visible, 
marking the break between what is left of the old V-shaped valley 
and the present U-shaped valley, and showing the depth to which 
the valley was formerly filled with ice. Many instances are known 
where valley glaciers have scooped out their floors to great depths. 
Lake Chelan occupies a glaciated valley of this type on the east flank 
of the Cascade Range in the state of Washington. The surface of the 
lake .is at an elevation of about 1,000 feet, and the lowest point on 
the inundated glaciated valley floor, where the lake is more than 
1400 feet deep, is over 400 feet below sea level. 

Another recognizable feature of glaciated valleys is the truncation 
of spurs. In ordinary valleys the divides between the tributaries pro¬ 
ject into the valley in tapering points, or spurs. A glacier moving 
down Such a valley truncates the points so that the valley wall be¬ 
tween tributary valleys becomes faceted into triangles (a facet is a 
geometric face, as on a cut stone). Two parallel and contiguous gla¬ 
ciated valleys may be separated by a knife-edge ridge called an 
arite (Fig. 73). 



Fig. 71. Glaciated divide, with series of gaps or cols formed by headward 
erosion of cirques. Middle Palisades, High Sierras, California. By permission 
Spence Air Photos. 
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Fig. 72. Steep-walled, U-shaped glacial valley. Hallett’s Peak in center back¬ 
ground. Bear Lake in foreground. Rocky Mt. National Park, Colorado. Cour¬ 
tesy Union Pacific Railroad. 


Hanging valleys may be created by valley glaciation. In this case 
the tributary valleys have been cut back to a point where they are not 
as deep as the main valley. As a result, they “hang” high up on the 
sides of the main valley, the streams in the tributary valleys joining 
the main river through a series of falls and cascades (Fig. 74). Hang¬ 
ing valleys are caused through deeper scouring by the glacier occu- 
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Fig. 7S. An arSte, or knife-edge ridge, between two glaciated valleys. Zug- 
spitz, German Alps, looking toward Partenkirchen. By Luis de la Torre. 


pying the main valley. The tributary valleys may likewise have had 
glaciers, which were unable to excavate as deeply as the main glacier. 

DEPOSITS OF VALLEY GLACIERS 
Occurrence. During their life time, valley glaciers de¬ 
posit part of the debris which they carry, and all of it is dropped when 
the ice disappears. Deposition is confined to the floor of the valley, 
where, after the ice has left, some or even all of the unconsolidated 
glacial sediment may be removed by streams. The general term ap¬ 
plied to the various types of deposits resulting from glaciation is 
drift, which is another form of transported rock mantle. Like wind 
aiid stream deposits,' it covers the bed rock over wide areas. 

iprift. is of two types: unstratified, or till, and stratified, or glacio- 
fiuvial drift. Till is deposited by and from a glacier without the aid 
of running .water. Unlike wind and running water, moving ice does 
ndjUiQrt the material which it transports and deposits. Small particles 
of'day and large boulders commonly are deposited together; there¬ 
fore deposits of till are not stratified as are other types of sedimen¬ 
tary rock.' 
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Glaciofluvial drift is sediment deposited by a glacial stream, either 
beneath the ice or beyond its borders. Since these deposits are 
formed by running water, they are sorted and stratified. 

Drift deposited by a valley glacier may be recognized in several 
ways. Its topographic position at or near the valley bottom is indica- 



Fig. 74. Water falling from lowest point of hanging tributary valley to floor 
of glaciated main valley. Yosemite National Park. Courtesy U 5. Department 
x of the Interior. 
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tive of its origin, and the different types of drift deposits have charac¬ 
teristic shapes that will be described in the following paragraphs. 
The material in the deposits consists of unstratified till, and the 
coarser pebbles, cobbles, and boulders generally are much more angu¬ 
lar than those rolled down a stream bed by running water; transpor¬ 
tation in a glacier commonly results in the rounding of the edges 
and corners of rock fragments, producing subangular shapes. In addi¬ 
tion, some of the fragments are scratched or striated as they rub to¬ 
gether in the drift or scrape against the floor of the valley. 

Till deposits of valley glaciers include various types of moraines, 
and valley trains result from glaciofluvial deposition. The morainal 
deposits are named according to their positions in respect to the 
glacier. 

Terminal and recessional moraines. The most promi¬ 
nent moraines left by valley glaciers are the terminal and recessional 
moraines, which commonly extend from wall to wall across the val¬ 
ley. They are very irregular, ridge-like masses of glacial till. A termi¬ 
nal moraine consists of material, originally scattered through the 
glacier, which was brought down to the end of the glacier where it 
was released by melting. In general, the longer the lower end of a 
valley glacier is stationary, the greater is the size of the terminal mo¬ 
raine, because much more debris will be brought forward and de¬ 
posited. 

A receding glacier does not retreat at a constant rate. There are 
periods when the edge remains stationary or even advances for a 
short distance. Moraines are built at the foot of a receding glacier 
whenever that edge remains stationary for any length of time. This 
type of terminal moraine is called a recessional moraine, since it lies 
behind the terminal moraine. 

Lateral moraines. The melting of a valley glacier 
causes the deposition of rock fragments in low ridges along the valley 
sides. These are called lateral moraines. 

Ground moraine. As a valley glacier recedes, the de¬ 
bris in the ice mass is let down onto the valley floor as an unstratified 
deposit so unequally distributed that it has a hummocky surface. 

Valley trains. The water that flows out from the 
foot of a valley glacier scatters sediment down the valley for a con¬ 
siderable distance, building a type of flood plain known as a valley 
train* With the recession of the ice, glaciofluvial sediment will con- 
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tinue to be deposited, in many cases on top of earlier-deposited 
ground moraine. 

EROSION BY CONTINENTAL GLACIERS 
Denudation. Continental glaciers are very active erod¬ 
ing agents, plucking debris and abrading rock surfaces over wide 
areas. Most of the material removed is mantle rock, as it is most easily 
lifted, but there also is vigorous attack on bed rock (Figs. 75A and 
75B). The two largest of the North American ice sheets during the 
recent Ice Age had their centers just west and east of Hudson Bay; 
in central Canada today, the soil mantle is very thin and in places 
missing, over thousands of square miles. While continental glaciers 
denude great areas of soil cover, much of the material removed is 
subsequently deposited near the margin of the glacier. 

The direction of movement of glacial ice over bed-rock surfaces 
can be determined by the presence of striations, roughly parallel 
scratches or grooves made by protruding edges of rocks carried near 
the bottom or side of a glacier. The direction of the striae give the 
direction of movement of the glacier at a particular point. 

Striations and grooves are abundant on the bed-rock floor ovet 
which the North American ice sheets passed (Figs. 76 and 77). The ice 
also scoured out in the bed rock a multitude of depressions which are 
now filled with water. Hills overridden by the ice were smoothed off 
on the side from which the ice came and were steepened by plucking 
on the other (“leeward”) side. Rock masses protruding above the gen¬ 
eral surface of the region were rounded off (“sand-papered”) by the 
fragments frozen in the base of the moving ice. Such rounded rock 
knobs are known as roches moutonnees, because from a distance they 
resemble a flock of sheep. Valley glaciers also produce roches mou- 
tonnles, though in much smaller numbers. 

Erosion by glacier-controlled streams. Only in rare 
instances are the streams flowing beneath an ice sheet capable of ex¬ 
tensively eroding the bed rock, for they are so overloaded with debris 
that they deposit rather than erode. However, pre-existent streams 
may be dammed by advancing ice, and large bodies of water may be 
impounded as lakes.. Eventually a lake may spill over the rim of the 
temporary reservoir and carve a steep-walled valley across country 
between the outlet and a point where it is able to join an existing 
drainage system. With the recession of the ice most rivers return to 
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> .^8* 75 AandB. (A) Glacier moving from right to left across bedrock floor. 
Scattered through ice are erratics; at lower left erratics have been plucked from 
leeward side of jointed bedrock face. (B) After the ice has melted. Bedrock is 
scratched parallel to direction of ice movement; steeper faces are' on leeward 
side of rock hills; low places are veneered with drift. By John Jesse Hayes. 
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their old valleys. However, after the Ice Age, several rivers dammed 
in this manner did not revert to their former courses, as they had in 
the meanwhile cut their new valleys to a lower level. The Missouri 

River in the Dakotas and the Upper Ohio River are examples. 

\ 

DEPOSITS OF CONTINENTAL GLACIERS 
Naturally, the enormous amount of debris picked up during the 
outward movement of a continental ice sheet is deposited where the 
sheet recedes or disappears. Unlike the drift of valley glaciers, that 
left by continental glaciers is not confined to the floor of a valley, but 
is strewn over valley and divide alike ,4 In the north-central United 
States and southern Canada, vast areas are veneered with glacial drift 
deposited by the last of the four great ice sheets that spread over 
northern North America during the recent Ice Age. 

Continental glacial drift can be distinguished from other types of 
unconsolidated sediment by the criteria used for identification of 
drift dropped by valley glaciers. Ordinarily a much greater variety of 
rock types is represented in the drift of an ice sheet than in that of a 
valley glacier, or in any other type of rock mantle. This condition 
results from the fact that a greater area is covered by an ice sheet 
than is tapped by a valley glacier or even by most rivers. Rock frag- 



Fig. 76. A great continental ice sheet once rode over this rock, scratching 
and rounding it. Clinton, Massachusetts. By W. C. Alden . Courtesy Geological 
Survey, U , S. Department of the Interior . 
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Fig. 77. Glacial grooves in dolomite. Figure standing at upper right gives 
scale. Yule Creek Quarry, Colorado. By J. IV. Vanderwilt. Courtesy Geological 
Survey, U. S. Department of the Interior. 



Fig. 78. Frpnt of continental ice sheet. Terminal moraine marking maxi¬ 
mum extent of ice lies in foreground; a recessional moraine is being built at 
the present position of the ice front. By John Jesse Hayes. 
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merits collected over thousands of square miles mingle together and 
are deposited near the margin of the glacier. 

Terminal and recessional moraines . Deposition of ter¬ 
minal and recessional moraines by ice sheets is similar to that by 
valley glaciers, but there is a great difference in the length of depos¬ 
its. The length of the terminal or recessional moraines of a valley 
glacier is limited by the sides of the valley, the terminal moraines of 
a continental ice sheet, in theory at least, completely encircle the ice 
sheet, marking the maximum extent of the ice, and measure thou¬ 
sands of miles in length. Actually, the margin of the ice sheet was 
not stationary at the same time at every place, so the terminal and re¬ 
cessional moraines are not continuous. The maximum advance of the 
last North American ice sheet is marked by a terminal moraine con¬ 
sisting of a series of arcs marking the position of the various lobes into 
which the margin of the ice sheet was divided. Parallel to these arcu¬ 
ate terminal moraines, and within the area covered by the maximum 
advance, is a series of recessional moraines which mark periods of 
standstill during the gradual retreat of the ice. 



Fig. 79. Rolling topography caused by erosion of loess overlying ground 
moraine. Doniphan County, Kansas. By Oren Bingham . Courtesy Kansas Geo - 
logical Survey . 
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Apparently, as the ice melted, large blocks covered with morainal 
debris became detached from the retreating glacier. As these isolated 
blocks of ice melted, depressions were formed in the surface of the 
terminal moraine. These features, known as kettles, are common in 
glaciated regions. 

Ground moraine . Melting of the continental ice sheets 
deposited vast acreages of ground moraine. Because this material is 
not confined to valley floors, where it is rather easily removed by 
stream erosion, ground moraine is a much more prominent feature 
of continental glaciation than of valley glaciation. Areas covered by 
ground moraine are usually gently rolling hills or plains (Fig. 79). 
The topography is less rugged than the terminal moraine, although 
they are both composed of till. In some places the ground moraine 
is in the form of elliptical mounds or hills, known as drumlins (Fig. 
80). The major axis of a drumlin parallels the direction in which 
the ice moved, hence in any area the drumlin hills are parallel to 
each other. Drumlins vary in size from small mounds to large hills 
several miles long and hundreds of feet high. As a general rule the 
end of a drumlin facing the direction from which the ice came is 


* 



Fig. 80. Drumlin, deposited by Ice moving from right to left. Northeast of 
Gle&soxtdale;'’Massachusetts. By W, jp. Alden. Courtesy Geological Survey, U. S. 
Department of the Interior ♦ 
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higher and steeper than the opposite end. While the evidence is un¬ 
mistakable that drumlins are deposits of continental ice sheets, me¬ 
chanics of their deposition has not yet been explained satisfactorily. 

Large boulders transported by glaciers are called erratics (Fig. 
81). In some instances, erratics have been deposited from the ice in 
strange positions, such as at the top of a knob of bed rock, creating 
one type of “perched” or “balanced” rocks. 

Glaciofiuvial deposits. An enormous amount of the 
material transported by continental ice sheets was deposited by 
streams flowing under and beyond the melting ice. This type of drift 
is stratified because it was sorted by current action before being de¬ 
posited. Some of the debris is deposited in the channels occupied by 
the rivers, flowing beneath the ice. On the other hand, finely pulver¬ 
ized rock, called “rock flour,” will travel great distances, even to the 
sea. During the Ice Age, great quantities of this rock flour, deposited 
along stream courses, were picked up by the wind during periods of 
low water and blown over hundreds of square miles. This is thought 
to have been the origin of part of the Mississippi Valley dust or 
loess deposits. 



Fig. 81. Boulders or erratics deposited by a continental ice sheet near 
Princeton, Massachusetts. By W. C. Alden. Courtesy Geological Survey, U . S. 
Department of the Interior . 
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A relatively uncommon type of glaciofluvial deposit results from 
“ice rafting.” Icebergs, having broken off from a glacier, often carry 
rock fragments for considerable distances before melting causes the 
deposition of the load onto the floors of rivers, lakes, or seas. 

Eskers. Rivers running beneath a glacier deposit sedi¬ 
ment just as rivers do anywhere else. However, because the subglacial 
tunnel in which the stream runs has a flat floor and an arched roof, 
the deposit of sediment left in the tunnel is flat on the bottom and 
has an arched upper surface, the reverse of the form of a normal 
stream deposit. When the ice melts, this ice tunnel deposit, composed 
of stratified sand, and gravel, makes a low, winding, elongated ridge, 
or esker, sometimes many miles or even several score of miles in 
length. Eskers locate the paths of subglacial drainage beneath the ice. 

Kames are elliptical or dome shaped hills or irregular 
hummocks, less elongate than eskers, but composed of similar strati¬ 
fied materials. It has been suggested that they were formed by sub¬ 
glacial streams at the point of emergence from the ice where the 
tunnel widened out. 

Outwash plains. The outwash plain formed by streams 
emerging from a continental ice sheet is comparable with the valley 
train formed beyond the margin of a valley glacier. Outwash plains 
spread out over hundreds of square miles and slope gently away 
from the margin of the ice sheet. Whexe ice has blocked preexisting 
drainage, temporary lakes are formed in which, due to the sudden 
checking of velocity, entering glacial streams build large deltas. 

Moraine lakes. Because glacial deposition has been rela¬ 
tively recent, time has been insufficient for establishment of com¬ 
plete drainage, arid the glaciated area is thus covered with a multi¬ 
tude of lakes which either occupy basins in the bed rock or depres¬ 
sions in the surface of the ground moraine. Where the preglacial- 
topography was rough, the drift does not cover bed-rock ridges and 
hills but occupies the valleys, where it often dams streams and 
impounds lakes. 


GLACIATION AND HUMAN ACTIVITIES 
Effects upbn land utilization. Both the physical ap¬ 
pearance of a region and its utility may be greatly changed by glacia¬ 
tion, Erosion by ice strips off most of the soil cover, exposing broad 
expanses of bare rock. Such areas are to be found in Canada, where 
the great ic'fe sheets of the recqjjJ Glacial Period accumulated. Similar 
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bare rock areas exist in some mountain valleys, where preexisting 
flood-plains were swept away by valley glaciers, leaving little or no 
soil. Extensive agricultural development is impossible where the soil 
cover is thin or absent. 

Continental glaciation considerably modifies the preexisting topog¬ 
raphy near the outer edge of the ice sheet by the deposition of drift. 
If the topography was rugged, the ice wears down the bed-rock hills 
and fills the valleys with drift, so that the surface has less relief. On 
the other hand, if the ice advanced over a plain, it leaves great areas 
completely covered with ground moraine, and the new surface has 
considerably greater relief. In either case, because of deposition of 
the drift, the post-glacial drainage is less mature than before the 
ice came, and swamps and lakes are abundant. 

In some areas the soil has been enriched by glaciation, because sub* 
stances essential to plant growth have been brought in. In many 
cases, however, this gain is offset by the heterogeneity in size of the 
material in the drift. The great abundance of erratic boulders in 
New England has been a handicap to farming since the first attempts 
by the early colonists. Since glaciofluvial deposits are sorted, areas 
covered by the finer textured sediments make some of the best agri¬ 
cultural land in the regions covered by continental ice sheets. This is 
especially true of the floors of the temporary lakes which fringed the 
ice sheets. During the last ice age in North America a large body of 
water, called Lake Agassiz, was formed in what is now the Red 
River Valley of Minnesota, North Dakota and Manitoba. This lake 
was larger than any of the Great Lakes. With the retreat of the ice, 
most of the lake drained into Hudson Bay, but some remnants, in¬ 
cluding Lake Winnipeg, Rainy Lake, and others, still exist. The 
abandoned floor of this lake is one of the richest agricultural regions 
in North America, because of the fertility of the fine sediment 
which lies beneath. 

Scenic and recreational areas . The regions where 
mountain valley glaciers exist today possess great scenic charm. For 
many decades people have traveled to the Alps to see the high, 
rugged mountains which have been sculptured by glacial ice. In the 
canyons are many valley glaciers and hosts of permanent snow-ice 
fields. The valley glaciers on Mount Rainier, an extinct volcanic 
cone in western Washington, have already been mentioned. The 
Government has set aside this mountain and some of the surround¬ 
ing area as a National Park, and it is visited annually by thousands 
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of people. Glacier National Park in Montana is so named because of 
the magnificent array of glacial features within its limits. 

Glacier Park is an area of towering, glacier-scarred mountains, 
high-walled cirques, and U-shaped valleys, many of which contain 
long finger lakes, and a host of smaller, rock-basin lakes. Immedi¬ 
ately to the north across the international boundary in Canada is the 
Waterton Lakes National Park. Farther to the northwest, but like¬ 
wise along the Rocky Mountain axis, are many equally inspiring 
areas, such as Banff, Lake Louise, Kootenai and Yoho National 
Parks, and, still farther to the northwest, Jasper National Park. 

An unusual by-product of continental glaciation is the Grand 
Coulee, with its extinct waterfall, in the eastern part of Washington 
(Fig. 82). Ice at one time dammed the canyon of the Columbia River, 
so that it had to cut across a lava plateau for many miles before it 
could rejoin its old channel. During the relatively short time that the 
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- Fig. 82, Close-up of DryjARt Grand Coulee, Washington. At upper left 
is valley floor at higher le^Wthe’Columbia River once plunged over the brink 
in 'S twin horseshoe faMKigKtier than Niagara. By permission Spence Air 
Photos. W 
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river followed this temporary channel, it cut a deep canyon at the 
head of which was a precipice several hundred feet high. Over this, 
the river tumbled in a fall far greater than Niagara. Later the ice 
dam melted away and the river reverted to its old channel. 

The creation of lakes through glacial activity has been mentioned 
in many places in this chapter. Some of them are widely used for 
fishing, hunting, boating, and swimming. Parts of Ontario and 
Quebec contain hundreds of lakes in depressions in the bed-rock sur¬ 
face scoured out by one of the continental ice sheets. Erosion of pre¬ 
glacial valleys helped to create the Finger Lakes in New York and 
Lake Chelan in Washington. Erosion by valley glaciers has produced 
many small but beautiful cirque lakes. Scouring, combined with 
damming by morainal deposits, made beautiful Lake Louise in the 
Canadian Rockies near Banff, many of the famous lakes in the Alps, 
and thousands of lakes in other mountainous areas. Even the Great 
Lakes were evolved by a combination of scouring, drift-damming, 
and warping of the earth’s crust. 

Economic products . The quantity of sand and gravel 
produced annually from glacial drift in the United States is enor- 



Fig. 83. Valley glaciers which reach the sea are the sources of icebergs that 
imperil shipping. By John Jesse Hayes . 
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mous. These materials cannot be economically exploited in unsorted 
till, but they are obtainable from well sorted glaciofluvial deposits. 
The largest sand and gravel deposits occur where glacial streams 
built deltas in temporary lakes around the margin of the ice sheet. 
Glacial sand and gravel deposits are also found in mountain valleys, 
where streams drained valley glaciers. 

Many farms and small communities obtain their water supplies 
from ground water stored in glacial drift. Most drift is permeable 
and, where thick, is capable of storing a vast amount of water. Be¬ 
cause of the insoluble character of the minerals ordinarily occurring 
in glacial deposits, the water is commonly soft, and in that respect is 
superior to the average bed-rock ground water. 

Icebergs. Many glaciers in high latitudes (Greenland, 
Labrador, Alaska) reach the sea where huge masses of ice break off 
along crevasses and tumble into the water (Fig. 83). Icebergs are not 
important geological agents, but are a very serious menace to navi¬ 
gation. Ever since the steamer Titanic crashed into a berg and sank 
with a loss of 1,513 lives in 1912, the United States Coast Guard 
(with the financial assistance of other nations) has patrolled the 
North Atlantic during the months when icebergs are liable to drift 
across the steamship lanes. When a berg is sighted, all nearby ship¬ 
ping is warned of its position from time to time until it melts. 



CHAPTER 7 


Direct Action of Gravity 


Gravity is the force that moves mat- 
ter toward the center of the earth, or toward the center of other 
cosmic bodies. Since earliest time, gravity has been a dominant fac¬ 
tor in the geologic processes operating on and within the earth. The 
downward movement of rain and snow is due to gravity. Water run¬ 
ning on the earth’s surface, always seeking a lower elevation, owes 
its movement to gravity. The slower movement of underground 
water is due to the same force. 

Gravity also causes the downward settling of windblown material 
and the deposition of sediment in the channels of streams and on the 
floors of lakes, seas, and oceans. Lava erupted from a volcano flows 
downgrade until the congealing of the liquid rock prevents further 
movement. Likewise, glacial ice moves because of the force of gravity. 

It is believed that gravity also operates on a much grander scale 
within the earth’s crust, causing lighter segments, such as the conti¬ 
nental masses, to stand at higher elevation than the denser ocean 
covered segments. Similarly, the loading of the surface at any one 
place, as in large river deltas, causes a slow sinking of the underlying 
crustal segment, which will be compensated by an uplift elsewhere. 
This gravitative adjustment of the earth’s crust is known as isostasy. 

From these examples, it is evident that gravity is tire fundamental 
force in the operation of most geologic processes. Its work is done 
mainly through such agents as water and ice, and its results are de¬ 
scribed in other chapters. This chapter is concerned with three types 
of deposits and land forms that are produced largely by gravity. They 
are (1) land forms resulting from subsidence of the surface, (2) 
those formed by the accumulation of fallen material, and (3) those 
formed by mass movements of rock in a direction principally down- 
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ward but with a considerable horizontal component, such as land¬ 
slides. Even in these movements, other geologic agents, especially 
ground water, participate. 


SUBSIDENCE 

Subsidence is the downward movement of earth material lying at 
or near the surface. It is essentially vertical motion with little or no 
horizontal component. 

Causes of subsidence. The primary force producing 
subsidence is gravity. But before gravity can act, other agents must 
operate so as to create space into which the earth materials can sink. 
Both natural and human agencies can create conditions that will 
cause subsidence; the immediate cause may be either the actual re¬ 
moval of earth materials from beneath the surface or the compaction 
of the underlying rock. In the former case subsidence at the surface 
will follow the failure and collapse of the roof above the void zone. 

The formation of caves by solution of minerals of soluble rocks 
by ground waters was described in Chapter 4. Rocks especially sus¬ 
ceptible to removal in this manner are limestone, gypsum, and salt. 
The burning of combustible material, such as peat and coal, will 
likewise reduce the volume of rock beneath the surface. Openings in 
morainal deposits are formed through the melting of isolated blocks 
of glacial ice. 

Slumping may also result from the mechanical removal of earth 
materials. Occasionally, an underground stream has sufficient veloc¬ 
ity to erode physically the rock in its channel, thereby creating both 
a tunnel and a zone of weakness along which collapse may take 
place. Lava tunnels, formed by the draining off of still-liquid lava 
from the core of a flow after the 1 top and sides have congealed, are 
also areas of potential subsidence. In parts of New Mexico, depres¬ 
sions formed by the collapse of such lava tunnels contain small lakes. 

The weight of the overlying material may cause outflow of beds of 
quicksand or plastic clay, which will be accompanied by settling of 
the higher rock. 

Examples are numerous of subsidence of the surface in regions 
where mining activity has removed large quantities of rock such as 
coal and ore. Certain coal mining towns have had to be abandoned, 
because of slumping into the abandoned workings beneath. The re¬ 
moval of salt and sulphur by means of wells creates a cavernous con¬ 
dition underground and so may result in subsidence of the surface. 
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The production of oil from a pool on the Gulf Coast of Texas was 
accompanied by subsidence, but this was an exceptional case. 

Compaction of rock is caused in several ways, such as overloading 
of the surface, or removal of water by evaporation or by drainage 
from the underlying soil and rock. Drainage of the English fenlands 
resulted in sufficient compaction to have lowered the surface 13 feet 
since 1848. 

Results of subsidence. The principal land form re¬ 
sulting from subsidence is a sink (Fig. 84). Generally these are un¬ 
drained depressions, containing pools or lakes where they are deep 
enough to intersect the water table, it sinking is due to failure of 
roofs of caves, the shape of the depression is approximately that of 
the collapsed area. Therefore limestone sinks tend to be very irregu¬ 
lar because of the ramifying nature of the underlying caverns. Char¬ 
acteristic features of recently formed sinks are steep, often nearly 
vertical walls. The break at the edge or rim of a sink is abrupt. Some 
parts of Florida and Kentucky contain such an abundance of sinks 



Fig. 84. Two deep water-filled sinks 16 miles east of Roswell, New Mexico. 
By permission Spence Air Photos. 
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that the land cannot be cultivated and even communication is diffi¬ 
cult. A sink-dominated region is spoken of as possessing a karst 
topography, because it is strikingly developed in the Karst region on 
the eastern shore of the Adriatic Sea. Fortunately for land utilization, 
by no means all limestone regions exhibit such topography. In many 
regions either the limestones have resisted large scale solution by 
underground waters, or the roofs above the caves have been suffi¬ 
ciently competent to withstand the downward pull of gravity. 

Kettle holes, which are formed in moraines due to slumping ac- 
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Fig. 85. Breccia composed of unsorted but ce¬ 
mented angular rock fragments and caused by col¬ 
lapse into a large cavern. Mackinac Island, Michigan. 
By Kenneth K. Landes. 
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companying the melting of ice, are described in the preceding chap¬ 
ter (p. 158). 

Subsidence resulting from the activities of man have, of course, 
taken place in historic time. Also, sinkings due to collapse of the roof 
overlying natural caverns have been witnessed, although by far the 
greater number of these are prehistoric. An acre of land in western 
Pawnee County, Kansas, sank in 1898, and took with it a railroad 
station. 

Another land form which results from a combination of ground 
water activity and subsidence is the natural bridge. The famous 
bridge near Lexington, Virginia, is all that is left of the roof above 
a cavern dissolved from limestone. The cave was elongate, and 
through it flowed an underground river. Subsidence of most of the 
roof exposed the stream; that part which has not yet collapsed 
bridges the valley in which the stream runs. A cave in a gypsum bed 
in Barber County, Kansas, has also produced a natural bridge be¬ 
cause of caving of its roof until only one small segment remains. 

Collapse breccia. Where sinking due to the collapse 
of cavern roofs has taken place recently, the observable result is a 
topographic feature. But beneath the floor of the sink the rocks are 
unquestionably in a disturbed condition. The highest rocks in the 
collapsed zone may have dropped without extensive shattering. But 
below these, and especially within the space which was once a cave, 
the rock is a rubble consisting of angular fragments of varying size 
and orientation. Ground water, circulating through this porous mass, 
tends to cement the fragments into a coherent rock known as breccia 
(Fig. 85). 

Such collapse breccias have been exposed by the forces of erosion, 
especially in the vicinity of Mackinac Straits, which lie between the 
Northern and Southern peninsulas of Michigan. In fairly early geo¬ 
logic time, the area was the rim of a rock basin which contained 
thick beds of salt among the rock layers. Ground waters reached the 
salt from beneath the rim of the basin, creating enormous caves. 
When the cave roofs could no longer support the overlying rock, 
collapse took place. Sometimes the break was relatively local, and 
rock fragments from the overlying rock tumbled downward until a 
rubble-filled chimney extended from the floor of the original cave 
upward through several hundreds of feet of rock to the surface. When 
this collapse debris became cemented into breccia, a rock resulted 
which was more resistant to erosion than the surrounding rock. Con- 
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sequently, the Straits area today contains a number of prominent 
“pillar rocks” which contribute much to the picturesque beauty of 
the region. . 

By no means all of the collapse in the Mackinac Straits area was 
local, however. Less prominent, because it does not produce pillar 
rocks, but more common was collapse over wide areas of cavern roof. 
This resulted in the dropping of great blocks of sedimentary rock. 
Inevitably, during the dropping the blocks were tilted. It is by their 
dips of 6° to 25° that the blocks can be recognized as out of place. 
Also, some blocks dropped farther than others, so that younger rocks 
may be on the same level as nearby rocks of much greater geo¬ 
logic age. 

ACCUMULATION OF FALLEN MATERIAL 

Wherever slopes are steep, rock material loosened by weathering 
or other processes will fall, roll, or slide to the foot of the slope. In 
mountainous regions the debris is so plentiful that distinctive topo¬ 
graphic features are produced. Huge piles of angular rock fragments 
accumulate'at the foot of cliffs as a cone which rises to an apex far up 
the slope. The mountain dweller calls this debris “slide rock”; the 
geologist refers to it as talus (pronounced tail-us) (Fig. 86). Talus 
cones are common features in rugged regions, especially above the 
timber line. Although apparently standing at the “slope of repose,” 
most talus piles are slowly creeping downward and outward. 

Accumulation of loose material solely through the action of grav¬ 
ity is universal, but rarely, except in mountainous regions, are these 
features of any great quantitative importance. 

MASS MOVEMENTS 

Mass movements differ from subsidence in the direction of move¬ 
ment. Both are due to gravitative attraction, but the movements de¬ 
scribed below are not only downward but also lateral. In fact, the 
horizontal distance traveled by the debris is considerably greater 
than the vertical in most cases. Mass movements are of three main 
types: creep, rapid flowage, and landslides. Creep and rapid flowage 
differ from landslides in the character of the movement and not in 
the Velocity, as landslides may be very slow or they may be rapid and 
catastrophic. Sliding involves the movement of a mass along a defi¬ 
nite plane. Whereas flowage takes place through continuous deforma¬ 
tion, with no definite plane along which slippage occurs. The great¬ 
est movement in the case of flowage is at the top of the flow, with 
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Fig. 86. Talus or “slide-rock” resulting from fall 
and accumulation of rock fragments from cliff at 
upper right. Cape Horn, Columbia River. By Arthur 
M. Prentiss. 


none at the bottom, whereas in a landslide, the entire block moves 
at approximately the same rate. 

The force producing mass movement is gravity, but there are 
many contributing factors, both riatural and human. 

Creep. The downward creep of soil, talus accumula¬ 
tions, and rock (Fig. 87) has been termed slow flowage in contrast 
with rapid flowage. Movement is so slow as to be imperceptible ex¬ 
cept by means of observations taken over a long period of time. Be¬ 
cause of the low velocity, some forms of creep have been referred to 
as rock glaciers. 

Conditions favorable to creep are the existence of unconsolidated 
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materials, or bed rock either laminated or broken by closely spaced 
joints, by faults, or by other planes of separation. The actual down- 
slope movement may be effected by (1) wedging or prying through 
plant and animal activity, (2) expansion of water freezing in cracks 
in the soil, (3) undercutting by rain wash and streams, (4) increase 
in load due to rain or snow, and (5) a disturbance in equilibrium 
caused by earthquakes or animals (including man). 

Creep can be recognized by several criteria. Where the creeping 
mass is forested, many trees have curved trunks, because, when 
young, they were tilted downslope by movement of the rock mantle; 
during later growth the trunk has been erect. Fence posts, telegraph 
poles, retaining walls, and foundations are tilted downslope by simi¬ 
lar movement of the rock mantle. Roads and railroads may be moved 
out of alignment. 

Rock glaciers generally can be recognized by their slope, topo¬ 
graphic position, and composition. They are typically glacier-like 
tongues of coarse angular rock fragments furrowed in the direction 
of movement by a series of parallel ridges, and heading in a steep- 



- Fig. 87 . Soil creep, a form of slow flowage. Rock and soil mantle is slowly 
moving toward lowest part of valley where river flows. Bend in tree trunks is 
characteristic. By John Jesse Hayes . 
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walled amphitheater, comparable to the cirque of a true glacier 
(Fig. 88 ). The waste composing a rock glacier is derived from the 
cliffs at its head. 

Rock glaciers were first recognized in the Nizina district, Kenni- 
cott Valley, Alaska, where over 30 exist. A description of one follows: 



Fig. 88. Rock glacier, McCarthy Creek, Alaska. By F. H. Moffit . Courtesy 
Geological Survey, U. S . Department of the Interior . 
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The rock glacier heads in the talus cones which have formed at 
the base of the steep rock cliffs. These cones have nowhere grown 
to large size, the materials evidently having moved on down valley as 
parts of a rock glacier as fast as they were supplied from above. 
From the base of the more vigorous talus cones, smooth, ridgelike 
lines extend on down the rock glacier, seeming to show that the for¬ 
ward movement has been uniform and continuous. Longitudinal 
ridges mark the surface for the upper three-fourths of the total 
length of the flow. The cirque basin is a hanging valley extending 
down to an elevation of about 4,000 feet, below which it joins the 
broad V-shaped valley of the McCarthy Creek. As it passes over the 
lip of this hanging cirque the rock glacier cascades steeply down the 
valley side, and upon reaching the gentler slope below, being no 
longer confined by restricting valley walls, it spreads out in a great 
lobe along the valley bottom. In this lower lobe the longitudinal 
surface markings disappear and give place to a set of concentric 
ridges or wrinkles. The origin of these wrinkles is not clear, but 
they strongly suggest rings of growth, and may represent the amount 
of annual movement of the rock glacier. At its foot the flow has 
pushed across the valley bottom almost to the base of the east 
valley wall. 1 

Rapid flowage. Earth flows, mud flows, and debris 
avalanches are examples of rapid flowage. This type of mass move¬ 
ment differs from slow flowage only in the velocity of the movement. 
In all cases the flowage is sufficiently rapid to be noticeable, and it 
may be swift, and even catastrophic if human habitations lie in the 
path of the flow. The reason for the greater velocity is the presence 
of a larger amount’of water penetrating the soil or rock. Water acts 
as a lubricant by decreasing friction; therefore, the more water pres¬ 
ent, the greater the speed of the flow. It also adds to the weight of 
the mass since it replaces air in the open spaces between the 
fragments. 

The combination of conditions most favorable for rapid flowage is 
the presence on steep slopes of unconsolidated or poorly consolidated 
materials which become water-soaked through abnormal precipita¬ 
tion. The “angle of repose” for wet material is much less than for the 
same material when dry; therefore, dry soil or loosely consolidated 
rock standing at the angle of repose for dry material is no longer in 
equilibrium when it becomes watered. 

The great Siumgullion mud flow, in the San Juan mountains of 
Colorado^ advanced for more than six miles and finally dammed a 

1 Capps, Stephen R., Jr., "Rock Glaciers in Alaska,” Journal of Geology , 18, 1910, 
pp. SS7-S69. 
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fork of the Gunnison River, creating Lake San Cristobal. The flow 
started in weathered and water-soaked volcanic rocks high in the 
mountains and flowed down the steep valley of a tributary of the 
Gunnison River. 

Clayey soils on the sides of valleys, when sufficiently saturated with 
water, frequently start to flow and form a narrow opening in the 
river bank through which a large volume of material will flow. Many 
such earth flows have occurred in the St. Lawrence Valley, where 
glacial clays underlie terraces along the river and its tributaries. A 
typical flow on the Riviere Blanche in Quebec has been described 
as follows: 

The sloping river bank twenty-five to thirty-five feet in height 
gave way suddenly and allowed the saturated clay and overlying 
sand of the cultivated terrace lands to rush forward through a 200- 
foot gap. Although little or no water was visible, movement of the 
mass was rapid and big blocks of the relatively dry upper clay and 
sand floated on the flowing substratum “like steamers on a river.” 
An area of the terrace some 1,700 by 3,000 feet with a volume esti¬ 
mated at almost 3,500,000 cubic yards passed out through the bot¬ 
tleneck in three or four hours, leaving a depression fifteen to thirty 
feet deep at the upper end and sloping downward only twenty or 
twenty-five feet to the outlet. The material removed filled the 
Riviere Blanche valley for two miles, damming it to a depth of fully 
twenty-five feet. 2 

Large “clayslides” of similar type in Norway are not infrequent; 
one such flow killed 112 people. Mud flows in the Alps Mountains 
have likewise overwhelmed and demolished villages. 

A debris avalanche is a flowing slide of soil, mud, or rock down 
steep slopes in humid climates. Abnormally heavy rains increase the 
weight of the mantle rock and at the same time lubricate the mass so 
that it starts to slide. The initial movement is slippage, but when 
gentler slopes are reached the mass ceases slipping and starts to flow. 
This type is therefore transitional between mass movements entirely 
by flowage and those which consist wholly of sliding action. 

Rapid flowage leaves marks by which it can be recognized long 
afterwards. The surface at the head (upper end) of the flow shows 
signs of slumping, with backward tilted (slope opposite to that of 
the hillside) slump blocks* Where a large quantity of material is 
moved, the upper end of the flow track is a valley-like depression. 
The clay earthflows of the St. Lawrence Valley produced depressions 

2 Sharpe, C. F. Stewart. Landslides and Related Phenomena, pp. 51-52. New York: 
Columbia University Press, 1938. 
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15 to 30 feet deep in terraces along the valley. The lower end, or toe, 
of a flow is a bulging, fissured, domelike mass of debris whose texture 
depends upon the type of material involved. Flows down steep slopes 
have a narrow track and leave a very distinct scar on the hillside. 

Landslides. Contrary to popular conception, a land¬ 
slide is not necessarily rapid. It may be as slow as soil creep, or it 
may be swift and destructive. Landslides differ from flows in the 
mechanics of movement; the moving material slides upon a definite 
slippage plane beneath which the rock remains stationary. Classified 
in this group are slumps, slides, and falls of soil and rock. 

The causes of landslides can be separated into (1) the environ¬ 
mental conditions favoring sliding and (2) the supplementary con¬ 
ditions which initiate sliding. The former group includes the pres¬ 
ence of (a) weak rocks, (b) relatively steep inclinations of strata 
approximately parallel to the slope of the surface, (c) abundant frac¬ 
tures, and (d) steep slopes or even cliffs. Some of the initiating 
causes are the removal of support either through natural erosion or 
engineering activities; overloading by natural or human agencies; 
reduction of friction because of increased water content at times of 
heavy abnormal precipitation or other cause; prying or wedging by 
freezing of water; the growth of tree roots in fissures; and earth vibra¬ 
tions resulting from earthquakes, blasting, or the passage of heavy 
vehicles. 

Landslides are fairly common phenomena and occur on a small 
scale nearly everywhere. Large slides are less numerous. Most occur 
in sparsely settled areas, but disastrous slides are by no means un¬ 
known. Examples of different types of slides are given below. 

An exceptionally slow-moving landslide at Point Firmin on th( 
California coast was observed during 1939 and 1940 (Fig. 89). Shales 
and sandstones with a seaward inclination of 10 to 15 degrees were 
involved. Lubrication of shale by ground water caused a rock mass 
a third of a mile across to move slowly down the slope of the strati¬ 
fication toward and finally into the ocean. The wetting of the shale 
was perhaps increased by irrigation which permitted a greater 
volume of water to enter the underground water circulation than 
•had been the case before. In a little Over a year this block moved 
about eight feet seaward, and a fissure developed at the landward 
.end of the slide. 

The newspapers of the country carried daily accounts of the slow 
sliding of a rock mass down the side of Carbon Mountain near 
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Durango, Colorado, in December, 1932. The mass involved was 
about 1,800 feet long, 600 feet wide, and 100 feet deep. It moved 
through a total distance of about 700 feet. The maximum recorded 
rate was 45 feet per day. 

Many landslides are started by earthquakes. An outstanding ex¬ 
ample is the series of slides that occurred after an earthquake in 
December, 1920, in the loess deposits of the province of Kansu in 
the interior of China. About 100,000 lives were lost by engulfment 
in great masses of earth thgt slid off the hills into the valleys. Many 
villages were completely buried. A sudden slide of mud, rock and 
debris, probably likewise started by an earthquake, buried several 
dwellings including an apartment house in the town of Juneau, 
Alaska, in November, 1936. A number of people were killed. One 
man buried up to his neck in the slide rock was rescued. A slide of 
great magnitude in the Himalayan region was caused by solution: 

Sir William Conway describes the matter of a little shifting of rock 
which caused the formation of Gohna Lake, in the Central Hima¬ 
layas, where the spur of a large mountain mass pitched bodily into 
the valley below. The front of the mountain had been undermined 



Fig. 89. Slow-moving landslide caught in the act. Point Firmin, near Los 
Angeles, California. By permission Spence Air Photos. 



178 Geo lo gic Processes 

by springs until there was no longer sufficient support, and in the 
twinkling of an eye a large part of the mountain slid down and shot 
across the valley, damming its river with a lofty and impervious 
wall. Masses of rock were hurled a mile away, blocks of limestone 
weighing 30 to 50 tons being sent through the air like huge cannon 
shots . It is estimated that this slide carried with it 800,000,000 tons 
of rock and debris. 8 

Landslides produce a characteristic topography. For many years 
after the slide takes place a very definite “scar” is discernible on the 
valley wall whence the material came. The slide rock itself can be 



Fig. 90. How landslide terraces are formed. Multiple landsliding. By John 
Jesse Hayes. 


recognized by the reversal of surface slope, which creates a saddle 
between the highest point on the block arid the “scarred” hillside. 
The saddle is hummocky and is quite distinct from any topography 
resulting through erosion by running water. 

Slides of the slump type which have not moved out from the point 
of origin far enough to leave a scar can be recognized by the presence 
of slumped blocks arranged in a series of steps or small terraces (Fig. 
90). The “risers” of the steps are steeply inclined or vertical slippage 

' 9‘Mitchelh Guy Elliott. "Landslides and Rock Avalanches/’ National Geographic 
Magazine, Vol. 21, No. 4, April, 1910, p. 276. 
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planes; the surface of the step or slump block in most cases inclines 
gently toward the riser of the next higher step. 

Most landslides come to rest on a valley floor and in many in¬ 
stances dam the stream flowing through the valley, forming a lake. 
Such lakes are temporary because the water flowing over the dam 
soon cuts through the unconsolidated material and drains the lake. 
The Gros Ventre River south of Yellowstone Park was dammed by 
a slow-moving landslide in ' n 08, anrl a email lake was formed, part 
of which still exists. In 1925 another slide took place down¬ 
stream from the first and formed another lake. This landslide, lo¬ 
cally known as the “Kelly Slide,” was a fast-moving slide. Numer¬ 
ous lakes in the Alps and Pyrenees mountain ranges are due to 
landslide dams. 

Landslides and other types of mass movement present a serious 
problem to the engineer. Not only may such movements be destruc¬ 
tive to railways, highways, canals, and habitations already in exist¬ 
ence, but they may also cause a great deal of trouble during work on 
engineering projects. The sliding away of a large segment of the 
great earthen dam at Fort Peck, Montana, before construction was 
completed, is an example. 

Several methods have been employed to combat mass movement. 
One, which has been used with considerable degree of success in 
stopping slow-moving masses, involves the driving of drainage tun¬ 
nels into the sliding mass, thus lessening the quantity of water and 
thereby reducing lubrication of the rock. In at least one instance, 
the slippage planes have been dried out by hot air forced into the 
clay through drill holes. Still another method is to drill a series of 
deep vertical holes in a line across the sliding or creeping material 
and fill them with concrete. 

Avalanches. An avalanche is a mass of snow and icc, 
with attached soil and debris, which hurtles down the side of a 
mountain with great velocity. Large accumulations of snow will soon 
compact into a dense mixture of ice and snow. When a thaw permits 
w: ter to accumulate on the under side of such a mass, perched high 
on a mountain flank, the “skids are greased,” so that the mass may 
suddenly break away and rush down the mountain side. Avalanches 
are fearful agents of destruction, for they snap off large trees and 
overwhelm everything else in their path until they come to rest at 
the foot of the slope. The air in front of an avalanche may be com¬ 
pressed to such an extent that trees beyond the path covered by the 
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slide are uprooted by the wind. The forest clad mountains of the 
West and Alaska have been gashed in many places by mighty ava¬ 
lanches. In the early years of the current century, an avalanche in 
the Cascade Mountains of Washington caught a train crossing its 
path, completely demolished it, and killed many of the passengers. 
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CHAPTER 8 


Oceans and Lakes 


All of the water on the earth’s sur- 
face, together with that in open spaces below the surface, constitutes 
the hydrosphere. The work of running water and ground water has 
been discussed; the present chapter is concerned with the activities, 
of lakes and oceans. One feature common to both lakes and oceans 
is that their surfaces are horizontal. Because the oceans are inter¬ 
connecting, their upper surface over the world makes a curved plane 
referred to as sea level. 

The oceans and, to a relatively minor extent, the lakes are agents 
of erosion and deposition. These processes are most active adjacent 
to the shore line; therefore, the resultant land forms are confined to 
the shores of lakes and oceans. Of much greater geologic importance 
is the function of lakes and oceans as basins of deposition of sedi¬ 
ment brought in by streams and other agents and for sediment gener¬ 
ated by the waters themselves. Some lakes, especially in the geologic 
past, have also been basins for the precipitation of chemical com¬ 
pounds, such as salt. The sediment deposited in a lake has an uncer¬ 
tain future, for in most cases the lake bottom is but a temporary 
resting place. If the lake stands above base level, it will eventually be 
destroyed and its sediments will resume their seaward journey 
through transportation by running water. Although most of the 
sediment carried to the ocean is deposited fairly close to shore, it 
has a much more permanent status. 

In addition to the role played by lakes and oceans in geology, 
these bodies of water are of great importance to mankind. During 
historic time they have acted as protection from invasion or as path¬ 
ways to invasion. For many centuries oceans, especially, have pro¬ 
vided means for the cheap transportation of both people and goods. 
By far the greater part of world commerce is carried on by water 
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transportation. With certain exceptions, such as the Great Lakes on 
the North American continent, lakes are not important as arteries 
of commerce, but lakes have some uses for mankind which the oceans 
do not possess. Most lakes contain fresh water, and many are utilized 
as water supplies for domestic, municipal, and industrial use. These 
natural reservoirs also act as a deterrent to floods, affording storage 
for abnormally high runoff in their drainage basins. Lakes and 
oceans yield a variety of economic products which large numbers of 
people are employed in obtaining. Some coastal districts, such as 
parts of New England and the Maritime Provinces of eastern Can¬ 
ada, have important fisheries. Other economic products are shellfish, 
sponges, and even pearls. Salt is obtained through the evaporation 
of bbth ocean water and the water of interior salt lakes. Lakes and 
.oceans afford recreation in swimming, boating, and fishing; hence, 
beach resorts are an important phase of our life and activities. 

Oceans and, to a lesser extent, large lakes affect the climate of 
nearby land areas, especially where the prevailing winds are on¬ 
shore. The prevailing winds are westerly; the climate on the west 
coasts of the continents is ocean-controlled to a considerable extent. 
Since large bodies of water do not pass through as great an annual 
temperature range as do land areas, the winds off such waters are 
relatively warm in winter and cool in summer, lessening the annual 
temperature variation on the nearby shores. In addition, great cur¬ 
rents, such as the Japanese Current in the north Pacific and the Gulf 
Stream in the north Atlantic, are constantly bringing equatorial 
waters northward while cold currents, like the Kamchatka and Lab¬ 
rador currents are shifting sub-arctic waters to the south, thereby 
furthering this temperature equalization process. Warm winds pass¬ 
ing over large bodies of water pick up much moisture which is later 
dropped on the coastal lands. The northern shores of western North 
America and of western Europe are well-watered and have mild 
winters and cool summers because of the combination of westerly 
winds and oceanic currents. The annual rainfall and the winter 
snows are greater on the west side of the southern peninsula of Mich¬ 
igan, facing Lake Michigan, than they are on the eastern (Lake 
Huron) side, because the prevailing westerlies pass across Lake Mich¬ 
igan and then drop the greater part of their recently acquired mois¬ 
ture on the first land areas reached. 
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OCEANS 

Distribution. The waters of the oceans cover three- 
fourths of the earth’s surface. If all this water were drained away, 
the continents would stand as plateaus high above the oceanic floors. 
Parts of the continental platforms lie below present sea level; the 
fraction of the earth’s surface floored by continents is actually one- 
third instead of one-fourth. Those parts of the continental platforms 
that extend out beneath the sea to depths of about 600 feet are 
known as continental shelves and the overlapping waters are re¬ 
ferred to as marginal or epicontinental seas. The eastern border of 
the North American continent is a continental shelf extending out 
beneath the waters of the Atlantic for an average distance of about 
100 miles. The continental shelf on the Pacific side, however, is very 
narrow, and in places the edge of the continental platform practi¬ 
cally coincides with the shore line. The slopes connecting the con¬ 
tinental platforms with the ocean basins are known as continental 
slopes. Since, as a general rule, the gradient of the slopes is a gentle 
one, the fringe zone between the platforms and the basins is many 
miles in width. The ocean basins are major depressions in the earth’s 
surface. It is believed that they have been in existence throughout 
traceable geologic history. 

Depths. The average depth of the ocean is approxi¬ 
mately two and one-half miles. This is about five times greater than 
the average elevation of the continents. Consequently, the volume of 
water in the ocean is much greater than the volume of land above 
sea level. The deepest ocean is the Pacific, which reaches a maximum 
depth of about six and one-half miles just east of the Philippines. 

Composition. Between three and four per cent, by 
weight, of the ocean water is mineral matter in solution, of which 
about seventy-five per cent is common salt (sodium chloride). Other 
important salts are magnesium chloride and the sulphates of mag¬ 
nesium, calcium, and potassium. About one-third of one per cent 
is calcium carbonate. Most geologists believe that the oceans were 
originally fresh and that the principal source of the acquired mineral 
matter is the land above sea level from which it has been transported 
largely by rivers. Although most river water is fresh to the taste, the 
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amount of mineral matter carried in it every year is enormous, hence 
the ocean is being constantly enriched in these compounds. At the 
same time, only pure water is removed by evaporation. 

Aquatic life. A great variety of plants and animals 
live in the oceans and lakes. Many types secrete calcium carbonate 
and other compounds either within themselves as skeletons and sup¬ 
porting structures, or around themselves as dwellings in which they 
live. Marine organisms, especially corals and lime-secreting single- 
celled plants called algae, build reefs of various shapes. The coral 
lives only in shallow waters, hence the reefs are built up from slightly 
submerged continental or island shores. Off the northeast coast of 
Australia, for instance, the Great Barrier Reef is 1,200 miles long. 
Some of the coral islands of the Pacific and the Bermuda Islands in 
the Atlantic are located where the surrounding ocean floor lies at 
great depth, but wells drilled on such islands have shown that the 
reefs have been built on top of submerged volcanic peaks. 

Many other forms of animal and vegetable life living in the seas 
and lakes do not secrete mineral material. 

GEOLOGIC PROCESSES 

In addition to their role of supporting abundant organic life and 
creating definite types of climate, oceans and lakes are also impor¬ 
tant agents of erosion and deposition. 

Movements of water. There are three types of move¬ 
ment in ocean waters: waves, tides, and currents. Most waves are 
developed by winds blowing across the surface of the water; the fric¬ 
tion or drag of the wind against the surface piles it up in a series of 
arches separated by troughs. The greater the velocity of the wind, 
the higher the arches or waves. Most geologic work accomplished by 
wave action takes place during storms when the winds and the waves 
are high. Storm waves, the most important geologic agents, although 
they can appear in any season, are most frequent during the winter 
months. Waves are produced also by earthquakes. The sudden move¬ 
ment of rocks on the floor of the ocean may generate waves of great 
size. Waves produced by earthquakes occurring off the west coast of 
South America and off the coast of the Japanese islands have trav¬ 
elled across the Pacific Ocean. Still another cause of waves of unusual 
magnitude are volcanic explosions either beneath the sea or in 
coastal regions. The great destruction by waves following the explo¬ 
sion and collapse of Krakatoa in 1883 is described in Chapter 10. 
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Waves produced by earthquakes and volcanic explosions may be 
eighty feet and even more in height. The maximum height of those 
formed through wind motion is about fifty feet, but most waves 
are considerably lower. The depth below the surface of the water 
through which wave motion is felt varies, of course, with the size of 
the waves. A relatively quiet sea will affect the water for only a short 
distance below the surface; the maximum depth through which 
wave motion is transmitted is ordinarily no more than twenty-five 
feet, but in seas of unusual turbulence may reach as much as 200 
feet. Below wave base the water is quiet and therefore not capable 
of performing geological work. 

The ocean is never quiet. Though there may not be even a gentle 
breeze, waves will roll across the seascape due to agitation set up by 
earlier winds or to winds blowing elsewhere over the ocean. Hurri¬ 
canes in the South Atlantic generate waves which travel many miles 
beyond the area visited by the storm. 

Water waves constitute a form of energy. The wave crests and 
troughs move across the ocean surface, but there is very little for¬ 
ward movement of individual particles of water. Each particle of 
water describes a circular or elliptical orbit, the highest point of 
which is at the crest of the wave and the lowest point in the suc¬ 
ceeding trough. When the water particle returns to the top of the 
orbit it is on the crest of the next wave. If the wind is blowing the 
particle does not return exactly to the same place because the water 
at the surface is driven by the wind in the same direction that the 
waves are moving, but at a much slower speed. 

Rapid forward movement of water takes place when the water 
becomes shallow and the wave breaks. Breakers are caused by the 
retardation of the water particles involved in the wave motion as 
they drag bottom. The momentum at the top of the wave carries it 
forward, the front of the wave becomes concave, and it breaks. The 
water, impelled by the momentum which it possessed while at the 
top of its orbit in the wave, rushes forward onto the beach. The 
width of the breaker zone depends upon the gradient of the beach 
and the height of the waves. A gently sloping beach produces a wide 
zone of breakers. Large waves break at greater depths than small 
waves, so the distance off shore to the first breakers depends to some 
extent upon how much sea is running at the moment. 

After the force of the breaking wave has spent itself, the water 
thrown upon the sloping beach obeys the law of gravity and runs 
back into the sea. Because some of the water originally came from 



186 


Geologic Processes 

the most distant line of breakers, an equivalent amount of water 
must be returned that distance. This returning current of water, 
known as the undertow, stays close to the floor of the sloping beach. 
It does not travel out beyond the farthest breakers. 

Shore currents are set up by waves that strike the coast line 
obliquely, as is usually the case. Some of the water is not thrown 
onto the shore when the wave breaks but is deflected parallel to the 
shore. Succeeding waves, and waves farther down the beach, add to 
the longshore movement of water. Currents of this type are persis¬ 
tently produced where the prevailing wind direction lies at other 
than right angles to the shore line. They are also produced where 
headlands jutting out into the ocean cause some stretches of the 
coast to lie oblique to the prevailing wave direction. 

The tide is a bulge or wave of great area caused by the gravitative 
pull exerted by the moon (and to a lesser extent by the sun). Ordi¬ 
narily this great wave has insignificant height, but where its move¬ 
ment is retarded by shallow waier or by narrow passes into estuaries 
or between islands the water piles up, and the movement of this 
impeded water creates tidal currents which may have considerable 
velocity. 

Ocean currents are large-scale and continuous movements of water 
from one part of the ocean to another. The Japanese current of the 
North Pacific flows northward along the west side of that ocean off 
the coast of Japan, is deflected to the east and south by the Aleutian 
Islands and the Alaskan peninsula, and flows southward just off the 
Pacific Coast of North America. It turns west north of the equator 
and completes its circuit off the Japanese coast. The Gulf Stream of 
the North Atlantic starts north on the west side of the Atlantic, is 
deflected eastward off Cape Hatteras to the European coast, moves 
north into high latitudes, then west to the Greenland coast and 
south along the east border of North America, where it is known as 
the Labrador current. Both of these currents carry moderately warm 
water into northern latitudes and appreciably modify the winter 
temperatures of the adjacent land areas. 

Erosion. Waves pounding against a coast are powerful 
agents of erosion and gradually drive the shore line back. If the sea 
floor is shallow, the waves break a considerable distance off shore 
and most of their energy is spent before they reach the shore line. 
On the pther hand, if the water is deep, the waves break immediately 
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against the shore line and the effect of their incessant drive is con¬ 
siderable. Where weathering has softened and loosened parts of the 
shore rock, small fragments Will be sluiced away by the sea water 
thrown against the face of the rock. Wave water, dashing into cracks 
and other openings in the face of a sea cliff, may act as a piston, push¬ 
ing the air into a small space at the end of the opening. This com¬ 
pressed air in turn pushes outward in all directions, tending to 
shatter the confining rock. If the rock is resistant and unweathered, 
grains of sand and even pebbles carried by the waves act as abrading 
agents as they are hurled against the cliffs. The rock fragments flung 
against the shore by the waves are themselves abraded to smaller 
size. Likewise the sand and gravel particles lying on the ocean floor 
within the zone where wave motion disturbs them are worn by inces¬ 
sant rubbing against one another. 

Currents are much more important agents of transportation than 
of abrasion. However, undertow and longshore currents flowing 
down or along the beach after the shoreward surge of a wave tend to 
remove the loose material on the beach. And in a few localities, 
tidal currents move at such a velocity that they vigorously erode 
their channels. 

Transportation. The methods of transportation in 
oceans are the same as in streams. Materials are carried in solution, 
in suspension, by saltation (a series of jumps), sliding, and rolling. 
The greater the velocity of wave or current, the heavier are the 
fragments that can be transported. This effectively sorts the sedi¬ 
ment according to size. 

Sediment is transported by wave action in two directions. A wave 
dashing up on the beach carries material with it which it drops 
toward the end of its forward surge. Then the water running back 
into the sea after the wave has spent its fury carries sediment with 
it. The coarse material is left high on the beach until pounding and 
abrasion by the waves lias reduced it to particles sufficiently small to 
be transported outward. Sediment also is spread along the beach, 
where the prevailing winds or the presence of a projecting point 
causes the wave front to strike the beach at an angle. A wave that 
strikes obliquely carries material up onto the beach at an angle. 
When the wave recedes, the water draining into the sea moves 
directly down the slope of the beach with its load. The next 
obliquely striking wave picks up some of this material, and carries 
it up on the beach once more, but not to the same place. In such a 
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manner, particles line enough to be moved by wave action are trans¬ 
ported laterally along the beach by following a zigzag trail. 

The very fine material carried by the waters of a receding wave 
may be picked up by the undertow and carried in suspension out 
beyond the zone of wave agitation. A greater volume of sediment, 
however, is carried by shore currents. These not only transport ma¬ 
terials obtained through wave erosion, but also distribute the sedi¬ 
ment carried in by the entering streams. The slower moving cur¬ 
rents transport material in suspension only, but the faster currents, 
such as those caused by tides in bays and inlets, are able to move 
particles of sediment by sliding, rolling, and saltation. 

Deposition. Sediment entering the ocean follows the 
same rules of deposition that are in force elsewhere; a decrease in 
velocity of wave or current causes the load to be dropped. One favor¬ 
able environment for deposition of sediment is at the mouth of a 
river, where the current of the entering stream is checked. The 
coarser material travels a relatively short distance, but very fine ma¬ 
terial, carried in suspension, may be transported several hundred 
miles out from the mouths of the larger rivers before coming to rest 
on the sea floor. 

Currents moving parallel to the coast are checked where water 
deepens in the many indentations interrupting the smooth contour 
of the shore line. Therefore current-borne sediment will be de¬ 
posited at the mouths of bays. In a like manner the seaward moving 
undertow encounters deeper water which checks its velocity so that 
the sediment is deposited. 

Another form of deposition is by precipitation. If the water be¬ 
comes supersaturated with a particular compound, due to excessive 
evaporation or other cause, grains of that compound come out of 
solution and settle onto the floor. In the past, thick deposits of salt, 
calcium carbonate, and other minerals have been formed in this 
manner. 

Lastly, there is organic deposition. Some animals, especially the 
shellfish, remove calcium carbonate or other material from the sea 
water, with which to build shells or skeletons. These may accumu¬ 
late into thick deposits. 

RESULTS OF GEOLOGIC PROCESSES 

Along .shorelines, certain topographic features are developed by 
erosion, deposition, or both. 




Fig. 91. Wave erosion of bed rock outcropping at water’s edge. In time this 
coarse material will be broken into gravel, sand, and even silt by wave action. 
Acadia National Park. By Allan Rinehart. Courtesy National Park Service, 
U. S. Department of the Interior. 


Erosional features. Normally the surface of the land 
adjacent to the coast slopes toward the ocean. Where the slope is 
steep, waves erode sea cliffs. After sea cliffs have been driven back 
far enough so that the upper part of the face is above the reach of 
waves, erosion continues by undercutting at wave level. When this 
undercutting is sufficient, unsupported masses of rock break away 
(Fig. 91). This debris, perhaps originally very coarse, is broken 
down by wave action until it is small enough to be carried away by 
undertow and shore currents. 

At the base of the cliff, the waves erode a surface sloping gently 
out to sea, called the wave-cut bench. The agitation of the water 
above a wave-cut bench is so great that no sediment remains there 
permanently. When it is ground sufficiently fine to be moved, the 
material is carried beyond the seaward edge of the terrace. 

A single storm may cause noticeable changes in the shoreline. Wind 
and wave damage done by the New England hurricane of 1938 was 
described on pages 46 and 47. The high winds of this storm created 
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exceptionally large waves and drove them onto the shore where they 
caused great damage to works of man and natural features alike. 

On Napatree Beach, Westerly, Rhode Island, the storm waves de¬ 
stroyed the sea wall and a million dollars worth of property, swept 
the beach clear of its dunes, lowered it, extended it back into Little 
Narragansett Bay, and opened a gap 300 feet wide in it. At the 
height of the storm the beach was probably covered by between 
5 and 10 feet of water. Sandy Point, adjoining Napatree Beach, was 
breached by two breaks, one 1,600 feet long and the other 900 feet. 

A continuous beach nearly 3 miles long was thus broken by the 
storm into three islands with more than half a mile of water be¬ 
tween them. 

Other large breaks cut into Sandy Point in the past have been 
healed and it seems safe to say that these new breaks will in time 
also be filled. 1 

Wave erosion acts differentially just as do the other agents of 
erosion; softer rock is eroded with greater rapidity than resistant 
rock. This process produces many interesting, even bizarre, features 
along a coast line. Igneous dikes cutting the rocks of the coast in 
some instances are more resistant than the rocks they intrude, hence 
they form natural sea walls or promontories (Fig. 92). At other 
localities, these dikes are less resistant than the country rock, and 
waves have cut them away, forming caves. Sea cliffs of limestone also 
contain caves. Some of these caves were originally formed by ground 
water and have been exposed by wave erosion. In other cases, the 
caves have been made by waves through a combination of both 
physical and chemical erosion. 

If the coast is composed of sedimentary rock layers of varying 
degrees of resistance, still other features are produced. Where the 
strata are flat-lying the sea cliff is horizontally fluted because the 
more resistant layers bulge out beyond the softer layers. If the strata 
are steeply tilted or vertical, the sea cliff becomes very irregular, 
because the soft rock layers form indentations and the harder layers 
promontories. 

Differential erosion also produces islands, for the waves cut more 
actively along a zone of weakness across a promontory and eventu¬ 
ally separate the point from the mainland. The zone of weakness 
may be a joint or fault plane (cracks in rocks described in Chapter 

l Nichols, Robert L., and Goldthwaite, Lawrence. Shoreline changes in Rhode Island 
produced by hurricane of Sept. 21, 1938 (abstract): Geol. Soc. America, Bulletin 49, 
No. \% pt 2, 1938, p. 1894. 
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11) or it may be less resistant rock, such as a dike of relatively soft 
igneous rock or a vertical bed of shale lying between harder strata. 
Joints are planes of weakness because of the existence of a crack 
permitting the penetration of surging sea water and the greater 
weathering of the rock along the joint crack. A single joint may 
extend all the way across a promontory, facilitating erosion which 
eventually separates the rocky point from the mainland. A prelim¬ 
inary stage in this process may be the cutting of an arch or tunnel at 
the level of wave erosion. Eventually the roof collapses, and a rock 
stack is separated from the mainland (Fig. 93). The sea, surging 
through the gap, gradually widens it. 

Neither tidal nor ocean currents ordinarily have sufficient velocity 
to cause submarine erosion. However, these currents may move suf¬ 
ficiently fast to transport sediment in suspension to quiet water 



Fig. 92. Resistant igneous dike cutting less re¬ 
sistant sandstone. Southwest coast. Island of Arran. 
Courtesy Geological Survey and Museum, London . 
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where it is dropped. They also transport marine life of the floating 
type. 

Submarine canyons . Still very much of a mystery to 
geologists are canyon-like depressions in the outer part of the conti¬ 
nental shelf and in the continental slope. A few have been known 
for many years through depth soundings along coast lines; the de¬ 
velopment of the echo method of sounding ocean depths has in¬ 
creased the number of known “canyons” to over a hundred. In form, 
these gorges closely simulate mountain canyons eroded above sea 
level. 

The submarine “canyons” are incised in the sediment and bed 
rock of the continental shelves, with their mouths opening out onto 
the ocean floor near the base of the continental platforms. Some 
connect at their upper ends with trenches dug by rivers, but others 
head in the smooth floor of the continental shelf, several miles from 
land, with no apparent connection with the drainage off the adja¬ 
cent land. 

The largest submarine canyon known is a continuation, beneath 
the sea, of the valley of the Congo River in Africa. On the other 
hand, the Mississippi River does not have a submarine canyon op¬ 
posite its present mouth, although a comparatively small one exists 



1%. 99. Stacks of sandstone separated from mainland by-marine erosion. 
Duncansby,‘‘Caithness. Courtesy Geological Survey and Museum , London . 
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about forty miles southwest of the present delta. The submarine 
canyon extending seaward from the mouth of the Hudson River is 
in places five miles from rim to rim and 3,600 feet deep. 

A river flowing down this canyon would be a fearful and wonder¬ 
ful sight indeed, because it would run down an average slope of 
150 feet to the mile, 12 times the average gradient of the present 
Colorado River flowing in the Grand Canyon. This is only one of 
a dozen similar canyons found between Cape Hatteras and the east¬ 
ern limit of Georges Bank, 200 miles east of Cape Cod. 

Coastal shelves are very narrow off some coasts, as for example 
portions of the Pacific Coast of the United States and Alaska. One 
of the mightiest canyons known is found in Monterey Bay, Califor¬ 
nia, and the head of this remarkable canyon is less than half a mile 
off the beach. This canyon of Monterey Bay, if stripped of its blanket 
of ocean, would certainly rival the scenic grandeur of the greatest 
of our western canyons. 2 

The mystery of these “canyons” is their origin. To have been 
carved by rivers, the continental shelves must have been elevated 
12,000 feet above sea-level, or sea-level depressed several thousand 
feet below its present position, views which most geologists are loath 
to accept. It is doubtful if ocean currents ever have attained the 
velocity necessary to carve them. Some have suggested the “canyons” 
may have been formed by water loaded with sediment which slid 
down the slopes at the edges of the continental platforms during the 
last glacial period. None of the present explanations is acceptable to 
a majority of geologists. 

Depositional features . The ocean is the site of deposi¬ 
tion of sediment which is both won by the ocean itself through wave 
erosion and introduced by the rivers that drain the continental areas 
and by other agents such as winds, glaciers, and gravity fall. Most 
of the sediment is deposited near shore where .the sea floor lies at 
shallow depths, but some deposition takes place in the much deeper 
basins. 

The sediment introduced into the ocean by the rivers meets rela¬ 
tively quiet water at the river’s mouth and in many cases forms a 
delta, which grows seaward and on each side of the river where space 
is available. Some rivers have extended the land many miles sea¬ 
ward through delta building. Part of the delta may properly be con- 

2 Smith, Paul A., Submarine Canyons; Radio talk, April 24, 1939. Published by 
Geological Society of America in Frontiers of Geology; Ten papers originally pre¬ 
pared for fifteen-minute radio addresses by Fellows of the Society, 1938-39. 48 pp., 
December, 1939. See pages 11-14. 
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sidered a river deposit because the sediment is laid down above sea 
level where the stream gradient is very slight. A great quantity of 
river sediment is carried out beyond that part of the delta that lies 
above the surface of the ocean and is either deposited on top of the 
submarine extension of the delta or out on the edge of the delta 
where it slopes down to the ocean bottom. The very finest material 
is carried out beyond the delta proper where it either settles onto 
the sea floor or is picked up by laterally moving currents and carried 
parallel to the coast line, perhaps for many miles, before it is de¬ 
posited. 

Beaches are present along the shore line except where the water 
immediately offshore is very deep. Rivers emptying into the ocean 
nearby contribute some sediment to the beaches, but most is gener¬ 
ated by wave erosion along the coast. The waves attack promontories 
with greatest vigor, and the sediment broken from them is strewn 
for many miles along adjacent beaches by currents. 

Sediment on a beach tends to become segregated by size and 
weight. Most of the boulders and cobbles which cannot be moved 
by the undertow are found along the upper or landward margin of 
the beach. Beyond and below the boulder fringe, if there is one, is 
sand, while below the level of most wave agitation, the finest sedi¬ 
ment (mud, silt, and clay) has opportunity to settle. 

Exceptional environments cause the formation of special types of 
beaches. Along irregular coast lines, beaches of appreciable width are 
confined to the heads of bays (Figs. 94 and 95). Some of the sediment 
in such bay-head, beaches may have been brought there by a stream 
emptying into the head of the bay, but usually most of it has been 
carried by shore currents. Wave erosion of the headlands at the 
mouth of a bay produces sediment which eventually comes to rest 
in the relatively quiet water at the head of the bay. 

In the case of an advancing sea, the beach sediment is a veneer 
temporarily covering the shoreward section of a wave-cut beach. As 
soon as the sediment is ground fine enough, it is carried seaward 
and dumped beyond the edge of the wave-cut beach, producing in 
time a wave-built terrace. The sloping surface of the beach merges 
with -that of the terrace. 

Spits are elongate bodies of sand or other sediment which extend 
from shore out into open water where the coast line makes an abrupt 
change in direction. An example is to be found at the mouth of 
many bays where shore currents have built spits from one point 
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Fig. 94. Bayhead beaches between rock promontories. Laguna Beach, Cali¬ 
fornia. By permission Spence Air Photos . 



Fig. 95. Bayhead beaches in more advanced stage. Beach is wider and ex¬ 
tends, with diminishing width, to point. Antelope Island and Promontory 
Point, Great Salt Lake, Utah. By permission Spence Air Photos . 
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across toward the other point or from both points headed toward 
each other. In some instances spits completely shut off the harbor, 
“landlocking” a body of salt water. Such spits are called bay bars. 
The deposition of sand in spits is due to the sudden slowing down 
of a shore current where the coast line turns abruptly into a bay. 
The current sweeps straight on into the deep and relatively quiet 
water at the mouth of the bay. Another type of a spit, called a 
tombolo, grows from a headland out toward a near-by island until 
it connects the island with the mainland (Fig. 96). In some instances 
bars project from each side of a headland and converge at the island. 
Tombolos owe their origin to the setting up of shore currents by 
oblique waves striking the sides of a promontory at such an angle 
that the currents are deflected toward the point. The sediment car¬ 
ried by these currents is dropped in the open water beyond the end 
of the promontory because their velocity is suddenly lessened. 

Offshore bars or barrier beaches are built parallel to the coast 
line, from which they are separated by a lagoon of shallow water. 
Normally there are shallow openings into the lagoon at various 
places along the bar. Barrier beaches extend for hundreds of miles 
along the Atlantic and Gulf coasts. These bars are formed only 



F& 96. Tombolo, tying Island to mainland. Estero Bay and Moro Rock, 
California, By permission Spence Air Photos. 
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where the water offshore is shallow and where the beach is floored 
with loose sand. The incoming waves drag on the shallow bottom, 
agitate the sand, and gradually sweep it up into a low ridge parallel 
to the shore. After wave action has built the bar so that it stands 
above low tide level, the wind dries the sand and blows it into dunes 
so that eventually the barrier beach becomes an island even at high 
tide. Most barrier beaches are so low that they can be crossed by 
high storm waves and so are not suitable sites for settlement. 

Beach placers. Where valuable minerals are present in 
stream beds near the shore, some of the grains are swept into the 
ocean, where shore currents pick them up and distribute them along 
adjacent beaches. Placer minerals brought to the sea by streams 
draining the southern Appalachians of Georgia and the Carolinas 
are found along the northern coast of eastern Florida. Similar de¬ 
posits containing monazite, a thorium mineral used in the manufac¬ 
ture of incandescent gas mantles and as a source of atomic energy, 
are found on the coasts of Brazil and India. Gold occurs in the beach 
sands of southwestern Oregon and at Nome, Alaska. 

Atolls. An atoll is a ring-shaped coral island enclosing 
a lagoon. Many of the islands of the south Pacific are atolls. Three 
conditions are necessary for atoll formation: (1) a volcanic peak, 
originally rising from the ocean floor to a point above sea-level, 
(2) reef-building corals and (3) slow submergence of the volcanic 
cone. The corals can exists only in shallow waters; they originally 
girdle the volcanic island with a fringing reef. As submergence pro¬ 
ceeds, the corals build upward from their original site, producing a 
barrier reef with a lagoon between it and the volcanic cone. Con¬ 
tinued submergence will result in the disappearance of the volcanic 
peak beneath the waters of the lagoon. 

Deep oceanic deposits. Most of the sediment entering 
the ocean from the bordering lands is deposited in the shallow 
waters on the continental shelves, and on the continental slopes. 
Where these shelves are narrow and the slopes are relatively steep, 
sediment from the continents will come to rest on the floors of the 
ocean basins. This is the case in several places around the border of 
the Pacific Ocean where much of the river-borne sediment and wave 
eroded material overflows the short deltas and narrow beaches and 
covers the adjacent ocean bottom. Some distance out from the con¬ 
tinents, however, very little land sediment is available for deposition. 
A relatively small amount of wind-borne dust, debris carried in ice- 
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bergs, and volcanic ash settles onto the surface of the sea and sinks 
to the bottom. Minute one-celled animals live on the deep sea bottom 
in places and make shells of calcium carbonate and of silica which 
accumulate into deposits of calcareous and siliceous ooze. 

Oceanographers not only have mapped the topography of the 
ocean floors, but have also collected thousands of sea-bottom samples. 
Dr. Louis Agassiz, in 1870, after detailed study of many such sam¬ 
ples, was able to announce that the ocean basins (and the conti¬ 
nental areas) have occupied the same general positions that they 
occupy today since earliest times. This conclusion, of fundamental 
importance to earth historians, was made possible by comparing 
forms of animal and plant life dredged from the floors of the deep 
oceans with the fossils found in the rocks of the continental 
areas. 

Oceanographers have developed several ingenious devices for ob¬ 
taining cores of sea floor sediment. A piston core sampler, which is 
lowered to the sea bottom by a cable, has taken cores up to 70 feet 
in length. The core presents an accurate cross section of the sub¬ 
marine sediment from which many conclusions concerning the past 
history of the earth can be drawn. 

Through the ages the ocean has been receiving the material 
eroded from the continents, the chemical substances dissolved by 
the rains and the dust and volcanic ash borne by the wind. As these 
things changed in character or amount they left their record in the 
ocean’s bottom. The sharp pebbles and coarse sand brought by the 
ice contrast markedly with the fine flocculent burden of unhurried 
rivers. This record has been accumulating during many changes on 
the neighboring continents and during many changes in the 
water above. 8 

Vertical fluctuations of sea level. One is apt to con¬ 
sider “sea level” to be a rather stable plane below which all land to 
which the sea has access is submerged. However, many parts of the 
continental areas are floored with hundreds and even thousands of 
feet of sedimentary rocks containing fossils of marine organisms. 
Obviously, the sea at one time covered those areas. As a matter of 
fact, most regions of sedimentary rock have been inundated not 
once, but many times. 

The present is a time when the greater part of the continental 
platforms lie above sea level, although marginal seas overlap the 

3 Piggot, Charles S., "Core Samples of the Ocean Bottom and Their Significance,” 
Scientific Monthly, Vol. 46,1938, p. 206. 
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continental shelves to various distances. In places, such as the Gulf 
and South Atlantic coasts of North America, the marginal seas are 
wide. Vertical changes in sea level are no doubt taking place today 
just as in the past. Changes of several hundred feet have occurred 
quite recently in the earth’s history, some of them since man has 
lived on the globe. Such changes are usually slow and not readily 
noticed. If sea level were to rise to a position half way up the sides 
of the Empire State Building in New York City, both Louisville and 
Saint Louis would become seaports on the Gulf of Mexico. Most of 
the State of Mississippi and all of Louisiana and Florida would lie 
under the ocean. Much of Europe would be submerged. 

There, no doubt, have been times in the past when such vertical 
fluctuations were world wide so that the sea rose or fell on all con¬ 
tinents. For example, 

When the great continental glaciers formed over parts of North 
America and Europe, the water thus piled up on the lands in the 
form of thick ice caps must have been evaporated from the oceans 
to give the necessary snow and ice. Hence sea level must have fallen, 
perhaps a few hundred feet, perhaps more. When the ice caps 
melted and the water flowed back into the ocean, sea level must have 
risen. But unfortunately the weight of the ice piled up on the con¬ 
tinents probably caused those parts of the land to sink unevenly. 
Melting of the ice apparently allowed the land areas relieved of this 
load to rise, but to rise unequally. 4 

Most fluctuations are probably due to vertical movements of parts 
of continents rather than to worldwide changes in ocean level. The 
vertical movements are caused by deep-seated movements of the 
earth’s crust (diastrophism). The continents have tilted so that one 
part has become inundated while another part has risen out of 
the sea. 

There are many examples of prehistoric but nevertheless geologi¬ 
cally recent changes of level about the continental borders. Where 
emergence takes place the beaches are elevated, making terraces. The 
sediment on the raised beach contains shells of modern or practically 
modern marine organisms. Because of the unconsolidated character 
of beach material, elevated beaches cannot exist for very long, for 
eventually the forces of erosion will destroy them. If the ocean waves 
were attacking bed rock before the emergence, an elevated wave-cut 
terrace will result. Marine terraces of this type terminate abruptly 

4 Johnson, Douglas, Shifting Ocean Levels} Radio address, May 1, 1939. Script pub¬ 
lished by Geological Society of America. See footnote, page 193. 
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at the shoreward end against the foot of a sea clifE. An elevated sea 
cliff may have any of the characteristics of one at the water’s edge, 
including caves and nearby stacks. Both wave-cut terraces and sea 
cliffs, being composed of consolidated rock, will withstand the forces 
of erosion longer than an elevated beach. However, they, too, will 
be destroyed in time. 

Every ocean is bordered in places, in some instances for many 
miles, with elevated beaches or wave-cut terraces and sea cliffs. In a 
few localities a series of such elevated strand lines, one above the 
other, occurs. Each of these levels marks a former shore line, a time 
of temporary stability during a slow uprising of the coastal belt. The 
lowest terrace is, of course, the youngest; a subsequent elevation will 
add the present beach to the series of older strand lines. The coast 
at Nome, Alaska, is an outstanding example of a series of beaches. 
There three successive elevated beaches lie above the present one at 
elevations of 22, 38, and 78 feet. In addition, out beyond the present 
beach are two submarine beaches, one 20 feet and the other 34 feet 
below sea level. Obviously the Seward Peninsula in the vicinity of 
Nome was recently elevated in a series of upward movements with 
a beach formed during each period of quiescence. After at least five 
such beaches had been built the direction of movement was reversed 
and two of the strand lines were submerged. The Nome beaches are 
of additional interest because they are gold bearing. Gold was dis¬ 
covered in the sands of the present beach in 1897, and during the 
the years that followed the remnants of the elevated beaches and the 
two submarine beaches were discovered and found to be gold-bear¬ 
ing also. 

As a general rule an elevated coast is smooth (no promontories or 
bays). The reason is that deposition in the ocean adjacent to shore 
has created a gently sloping beach and sea floor for some distance out 
from the water’s edge. Naturally when such a strand line is elevated 
the new water-land contact will be a fairly straight line. An ex¬ 
ception occurs, of course, where the offshore depths previous to 
emergence were great and consequently deposition had not pro¬ 
duced a sloping beach and ocean floor. 

Normally, also, the water offshore following elevation is shallow. 
This condition is conducive to the formation of barrier beaches, so 
such sand bars are additional criteria of recent emergence. Barrier 
beaches are not universally present, however,- because if the water 
o ffsh ore was deep initially it may still be deep enough following 
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an elevation of small magnitude that the waves fail to drag bottom 
before reaching shore. 

Depression also has occurred in many localities during the recent 
past. Of course many of the usual shore line features, such as wave- 
cut and wave-built terraces and sea cliffs, may become so deeply 
submerged that they are not readily observable. Other easily recog¬ 
nizable criteria of submergence exist however. The lowest points 
along a shore are the mouths of river valleys, and, when a coastal 
area is depressed, the sea water extends up the valleys for varying 
distances, making bays . Such famous harbors as San Francisco Bay, 
Puget Sound, New York Harbor, and Liverpool Harbor are drowned 
river valleys. San Francisco Bay owes its unusual shape to the fact 
that two river valleys, the Sacramento and the Santa Clara, used to 
join a short distance from the ocean, and the combined rivers flowed 
out to sea through what is now the Golden Gate. The California 
coast has been depressed a sufficient depth to drown the river valleys 
for a considerable distance beyond their junction. 

A drowned river mouth is known as an estuary. Hills rising above 
the valley floor become islands if they are not completely submerged. 
The rocky islands in San Francisco Bay were formerly hills, and the 
great bridge that runs from San Francisco to Oakland tunnels 
through one of the islands en route. The islands in New York Har¬ 
bor owe their origin to the drowning of the lower Hudson River 
valley. 

A special type of bay, the fiord, is common along the coasts of 
Norway and Alaska. A fiord is a fairly straight salt-water inlet with 
precipitous sides. Valleys merge with fiords at the landward end, 
and in northern latitudes many of the valleys are occupied by gla¬ 
ciers that may come clear down to the sea. Fiords are without doubt 
drowned river valleys, but the shape of the valley has been modified 
by glacial erosion. In most instances the valley was carved by ice into 
a U-shape before submergence. However, some drowned river val¬ 
leys may have been converted into fiords through glacial movement 
after submergence. Ice moving down a valley from mountains im¬ 
mediately adjacent to the coast could presumably push a consider¬ 
able distance out into the water where it would modify the shape of 
the valley walls, giving them the typical precipitous sides of a fiord. 

As a usual thing, depressed coastal areas exhibit a very irregular 
shore line. Most continental borders are cut by river valleys, the 
drowning of which produces a multitude of bays. Likewise, in most 
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cases, submergence produces deep water offshore. An exception, of 
course, occurs where a low-lying coastal area is submerged. The best 
harbors are ordinarily found where shore lines have been submerged 
and the poorest harbors occur along emergent shore lines. The north 
Atlantic coast of North America was submerged and in consequence 
mkny fine harbors are to be found in eastern Canada, Maine, Massa¬ 
chusetts and as far south as the drowned valley of the Chesapeake. 
The south Atlantic coast, on the other hand, has recently emerged, 
and good harbors there are few and far between. 

A drowned coast line affords an ideal environment for the forma¬ 
tion of bay-mouth spits and bay-head and tie beaches. The presence 
of these features is consequently evidence of recent submergence. 

Physiographic age of shore lines. Shore lines can be 
designated by physiographic age as can rivers, valleys, and conti¬ 
nental regions. The objective of ocean work is the complete destruct¬ 
ion of the land by wave erosion and the deposition of the fragments 
and the sediment so gained on the sea floor. No continents have been 
destroyed by wave action, but their circumferences have been de¬ 
creased. Small islands have been completely destroyed, in a few 
instances during historic time. Only two terms, youth and maturity, 
are used to express relative age of coast lines. In physiographic no¬ 
menclature old age refers to the accomplishment of a task, and no 
shore line can have reached old age as long as there is a shore to at¬ 
tack. The criteria of youth for a submerged coast are quite different 
from those applying to an elevated coast. Likewise the stages be¬ 
tween youth and maturity differ markedly, but when full maturity 
has been reached the coast lines are very similar in appearance. 

In early youth the outstanding characteristic of a submerged coast 
is an irregularity of shore line. The mouth of every river has become 
a bay, and even the very small ravines and the valleys occupied by 
temporary or intermittent streams make indentations in the coast 
line. The divides between the drainage basins become headlands. 
The degree of unevenness of the coast line is dependent upon the 
initial relief of the land and the amount of the submergence. The 
submergence of a region in the mature stage of running water ero¬ 
sion will result in a much more jagged coast line than if the region 
had reached old age before being submerged. 

As a submerged coast approaches maturity through the work of 
the ocean, a series of changes takes place. The headlands suffer direct 
attack from the waves and are driven back. Differential erosion on 
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the sides of a promontory may cause the separation of the point into 
an island. Such islands are subject to attack by die ocean waves from 
all sides and in consequence are relatively temporary features. The 
sediment obtained through wave action on the headlands may be 
dragged out into deeper water by the undertow and deposited there 
as a wave-built terrace, or it may be swept parallel to the shore by 
currents and deposited elsewhere. 

The water in the bays, on the other hand, is comparatively quiet, 
and consequently deposition is more important there than erosion. 
Bay-mouth spits may form at the seaward end of the bays, tending 
to close off the estuaries. However, if a stream with an appreciable 
volume of water enters the head of the bay, it will be impossible, 
because of the unceasing outward current of water, for the bar at the 
mouth completely to close off the bay. Some bays, however, receive 
no more water than can be taken care of by evaporation, in which 
case the bar at the mouth may extend all the way across. Examples 
of this occur along the shore of Martha’s Vineyard, an island off the 
southeastern coast of New England. The island was cut by a number 
of valleys, which became bays when submergence took place. How¬ 
ever, the drainage area of each valley above the present water level 
is so small, because of the small size of the island, that insufficient 
water enters the bay to prevent complete closing off by bay-mouth 
spits. 

Concurrent changes take place inside the bays. They tend to silt 
up through the introduction of stream-borne sediment, especially at 
the upper end of the bays. Bay-head beaches are also built of sedi¬ 
ment eroded from the points and carried to the head of the bay by 
shore currents. 

An intermediate stage in the attempt to obliterate a bay is the 
tying of islands out in the bay to the nearby shore by means of tom- 
bolos. An outstanding example of this is Boston harbor, where sev¬ 
eral islands have been connected to the shore by sand spits. The 
mouth of this harbor is so wide and the water so rough that bay- 
mouth spits have not yet had opportunity to form. The tie beaches 
inside the harbor give the impression that the ocean is first attempt¬ 
ing to close off the inner harbor, after which it will move out and 
close off the outer harbor. 

These various processes continue until maturity is reached. The 
methods pursued are the same whether the rock along the coast is 
granite or glacial drift, but in the latter case much faster progress is 
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made. The bay-mouth spits of Martha’s Vineyard owe the relative 
rapidity of their formation to the fact that the island is composed of 
unconsolidated glacial debris. 

A submerged coast has reached full maturity when the exposed 
shore has been eroded to a smooth line and at the same time the 
bays have either been filled up or closed off by spits, or both, so that 
they no longer make indentations, but coincide in position with the 
rest of the coast line. At full maturity the water is sufficiently deep 
offshore so that the waves can attack the land directly. Erosion con¬ 
tinues fairly evenly with the theoretical goal the removal of all the 
rock material that lies above the wave base. 

An emergent coast follows an entirely different sequence in pro¬ 
ceeding from youth to maturity. If the water offshore was deep 
previous to the uplift, there will be no lasting change in physio¬ 
graphic age, for the ocean will soon destroy the narrow beach and 
renew the attack on the old shore. Examples of this are found on 
the shores bordering the Pacific. However, if before emergence the 
continental platform extended on out beneath the waters of the 
ocean for a long distance, or if the ocean had constructed a wave-cut 
and wave-built terrace of great breadth, and the emergence was not 
sufficient to expose the continental margin or the edge of the terrace, 
the water will be relatively shallow offshore and the coast line 
smooth following emergence. Under these somewhat special condi¬ 
tions a very distinctive cycle of ocean shore physiography is followed. 
The first stage is the building of a barrier beach by methods which 
have already been described. Examples are to be found along the 
Atlantic coast from New Jersey to Florida and along the Gulf coast, 
especially in Texas. Single barrier beaches in some instances extend 
for several score miles, and a series of such beaches may be several 
hundred miles in length. One effect of the building of a barrier 
beach is to smooth off a shore line which may previously have been 
slightly indented. 

As erosion of an emergent coast of this, type proceeds from youth 
into maturity, the barrier beach is driven in toward shore. Building 
a barrier beach deepens the water offshore, making the beach open 
to direct attack by the waves. Waves and onshore winds slowly 
move the barrier toward the mainland. At the same time the lagoon 
lying between the barrier beach and the shore tends to silt up with 
sediment.. Such a coast reaches maturity when the barrier beach has 
been driven onto the mainland shore and the lagoon destroyed. 
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This achievement produces sufficiently deep water offshore so that 
the waves can attack the land directly, and they begin their task of 
destroying all land above wave base just as do the waves on a de¬ 
pressed shoreline that has reached full maturity. 

The physiographic age of submerged and emerged shore lines af¬ 
fects the utilization of a coastal area by man. For example, the 
drowned mouth of the Columbia River does not make as valuable 
a harbor as do some of the other drowned valleys of the Pacific 
Coast because of the relatively advanced age of the local shore-line 
physiography. A partially submerged bay-mouth bar has been 
formed, which tends to block the harbor and handicap navigation. 
The Government has built jetties and dredged the channel in order 
to maintain a pass for large vessels. Drowning of the British Colum¬ 
bian and Alaskan coasts has inundated a series of valleys parallel to 
the shore line and created hundreds of islands, some of them, such 
as Vancouver Island, of considerable size. The so-called “inside pas¬ 
sage” from Puget Sound to southeastern Alaska occupies these 
drowned valleys between the islands and the mainland so that boats 
making this voyage need pass through very little open water. 

Although emergence of a region that is shallow offshore produces 
a scarcity of good harbors, the lagoons lying between the barrier 
beaches and the mainland may make a sanctuary for small craft. 
Light draft boats can follow an inside passage of this type from 
New York to Florida with the help, here and there, of man-made 
canals. Similar travel is possible for many miles along the Texas 
coast. 

LAKES 

Distribution . The relatively small depressions in 
which lakes are found are recent in age. The distribution of lakes 
depends upon the presence of geological activities that have pro¬ 
duced depressions. Also necessary, of course, is the existence of 
sufficient rainfall so that the depression will contain water. In arid 
regions the normal position of the water table may be below the 
bottom of existing depressions, in which case the depressions hold 
water only immediately following a rain. Such lakes are temporary. 
In regions where the water table fluctuates seasonally, lying above 
the bottoms of the depressions during the wet seasons and sinking 
to lower levels during dry seasons, intermittent lakes occur. 

Running water does not have a scooping effect, so closed depres¬ 
sions are impossible as the result of normal erosion by this agency. 
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However, a few lakes do result through the activity of running water 
(Chapter 5)—for example, oxbow lakes, which are due to the aban¬ 
donment of meanders. The greatest number of lakes occur in de¬ 
pressions formed through the activity of glaciers (Chapter 6), 
particularly in the marginal deposits of the great ice sheets which 
at one time covered parts of North America and Europe. Not only 
are these deposits so uneven on their surfaces that they contain 
thousands of closed depressions, but also they dammed the preexist¬ 
ing drainage to such an extent that waters were impounded into 
lakes in many places. Because of the effects of glaciation, most of the 
lakes of the world occur either in high latitudes, especially in the 
northern hemisphere, or at high altitudes. 

Local geologic conditions have created lakes in other parts of the 
world. Volcanoes (Chapter 10) and movements of the earth’s crust 
(Chapter 11) produce depressions which are to be discussed in fol¬ 
lowing chapters. Lakes occurring in wind-scooped depressions (Chap¬ 
ter 3), and in depressions created by sinks and land sliding (Chapter 
7), have already been mentioned. Shore-line lakes were described 
earlier in this chapter. 

Depths. Contrary to local traditions, which have it 
that many lakes are “bottomless,” most lakes are comparatively shal¬ 
low. A few lakes, such as Lake Chelan in the Cascade Mountains of 
Washington, which occupies an elongate basin formed by the deep 
scooping of a mountain valley glacier, exceed a thousand feet in 
depth. However, there are no lakes comparable in depth to the 
oceans. 

Composition. The water of most lakes contains very 
little mineral matter. Outstanding exceptions are salt lakes, which 
are discussed in the following paragraph. Fresh-water shellfish are 
relatively uncommon in lakes, but other forms of life may be abun¬ 
dant. Some lakes, especially shallow ones in humid regions, support 
a luxuriant growth of plant life. 

Salt lakes. Salt lakes occur both along the coast, 
where arms of the sea have become separated from the ocean, and in 
interior regions. Naturally, the water is salty where a part of the 
ocean has been trapped. In many cases, however, shore-line lakes 
tend to become brackish or even fresh because they drain into the 
sea and at the same time receive fresh water from entering streams. 
On ithe other hand, if there are no entering streams of any magnitude 
and additional increments of sea water are occasionally received 
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through exceptionally high tides and storm waves, the shore-line 
lake water tends to increase in saline content because evaporation 
is constantly removing pure water, and salt in sea water is being 
added at irregular intervals. 

Some salt lakes, such as Great Salt Lake in Utah, owe their salt 
content to a combination of circumstances. The water in such lakes 
may have been fresh originally but has gradually become saltier and 
saltier because inflowing streams, even though “fresh” to the taste, 
constantly bring in mineral matter, especially salt, in solution and 
because, at the same time, water in the lake is disappearing through 
evaporation. Lakes of this sort are impossible where the water can 
drain out either by way of surface outlets or through seepage. An¬ 
other very important control in the formation of salt lakes of this 
type is climate. Evaporation must be sufficient to take care of all 
the entering water, otherwise the depression will fill up and over¬ 
flow. Great Salt Lake used to be a fresh-water lake draining down 
Snake River to the north, but because of a climatic change it dwin¬ 
dled so that eventually the lake surface sank below the level of the 
outlet and subsequently the water became strongly saline. 

Prehistoric lakes. Although most of the water-borne 
sediment deposited on the continents in the geologic past was de¬ 
posited in marine waters (epi-continental seas), the contained fossils 
testify that large lakes also existed at various times. Furthermore, the 
presence of abandoned, but obvious, shore lines, now high and dry, 
are evidence of lakes in relatively recent geologic time, see Figs. 97 
and 98. Many of these isolated seas have been mapped by geologists 
and given names. Examples are: Lake Algonquin, a predecessor of 
the present Great Lakes; Lake Agassiz, an enormous lake covering 
parts of what are now Minnesota, the Dakotas, and Manitoba; Lake 
Bonneville, the large fresh water ancestor of Great Salt Lake; and 
Lake Lahontan, most of which was in Nevada. 

GEOLOGIC PROCESSES AND RESULTS 

With the exception of tides and tidal currents, the same processes 
at work in the oceans operate in lakes. Naturally the results vary 
greatly, depending upon the size of the lake and upon local condi¬ 
tions. The shores of Lake Superior, the largest of the Great Lakes, 
are under almost ceaseless attack by the waves. Therefore, many of 
the features of ocean shores, such as wave-cut cliffs, beaches, and 
rock stacks are to be found around the edges of this lake, • 
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Ice ramparts may occur on the shores of lakes in re¬ 
gions of cold winters. These are walls of rock material produced by 
the pushing of lake ice against the beach shingle. In extreme cases 
even summer cottages have been destroyed by the slow but powerful 
on-shore movement of lake ice. The creeping, pushing mass is 
caused by expansion of the ice or by wind. The former is applic¬ 
able only in the smaller lakes. During the warmer daylight hours 
the ice expands and pushes shoreward. At night, contraction and 
cracking take place. The water moving into the cracks immedi¬ 
ately freezes, so that a greater area of ice, for any given tempera¬ 
ture, is the result. The following day the expansion will cause this 
larger mass of ice to move farther shoreward; this process can con¬ 
tinue as long as the subfreezing temperatures persist. The ice push 
resulting from wind action takes place after a thaw has created a 
lane of open water out in the lake. A strong on-shore wind will 
create an ice jam which may be driven onto the shore with irresis¬ 
tible force. 



Fig. 9?, Great Salt Lake to right, Lake Bonneville shoreline to left just 
above top of highest smelter stack. By permission Spence Air Photos . 
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Streams entering lakes may build deltas, just as rivers do on enter¬ 
ing the ocean. Materials brought in by rivers or obtained by erosion 
along the shores may be transported by shore currents until depos¬ 
ited on the lake floor. 

The temporary nature of lakes was mentioned in the introductory 
paragraphs of this chapter. Most lakes are eventually destroyed 
either by being completely filled with sediment (some fairly large 
reservoir lakes have “silted up” in a few years) or by downward cut¬ 
ting of the outlet stream. However, some lakes are destroyed by 
complete filling by vegetation. These are known as peat-filled lakes. 

SHORE EROSION CONTROL 

Storm waves have caused damage of enormous magnitude to 
shore property. Some degree of success has been obtained in combat¬ 
ting these natural forces, by constructing sea walls, breakwaters, or 
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Fig. 98. Breccia stack formed by wave action of 
ancestral Great Lake. Present shoreline is at much 
lower elevation. St. Anthony's Rock, St. Ignace, 
Michigan. Courtesy Michigan Geological Survey . 
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groins. Sea walls are masonry dikes erected on shore against which 
the waves spend their fury. They are constructed of reinforced con¬ 
crete or of great stone slabs. Their purpose is, of course, to protect 
the land and structures on shore from being washed away by the 
surging waves. They have to be very strong and ponderous features 
if they are to withstand indefinitely the pounding of winter storm 
waves. 

Breakwaters are aptly named. They are long, low masonry walls 
built offshore for the purpose of “breaking” the waves so that much 
of their energy is dissipated before reaching the shore. Groins are 
similar walls, but they are built at right angles to the beach line, 
extending from the shore some distance out into the water. They 
cause waves approaching shore at an angle to break prematurely, 
and also prevent attack by long shore currents. At the same time, 
sediment is retained between the groins, thereby decreasing the 
depth offshore and causing earlier breaking of the waves. Both 
breakwaters and groins, as well as sea walls, are vulnerable in time 
to wave erosion. 



CHAPTER 9 


Sedimentary Rocks 


Sedimentary rocks are composed either 
of materials derived from older rocks or of accumulated organic 
matter. The original sediment in some instances was windborne or 
glacially transported material, dropped on the surface of the land. 
By far the greatest volume of sedimentary rock, however, was depos¬ 
ited in bodies of water, in most cases on the sea floor. The material 
thus deposited may be clastic, consisting of particles of pre-existing 
rock which were transported through the physical force of moving 
water, wind, or ice, or it may have been precipitated from water in 
which it was dissolved, or it may be of organic origin, consisting 
either of carbonaceous matter or of chemical compounds removed 
from the surrounding water by aquatic organisms. Sediment becomes 
consolidated sedimentary rock through processes of lithification 
which will be described subsequently. 

The most abundant rock at the earth’s surface is sedimentary. It 
has been estimated that about 75 per cent of the area covered by 
the continents is floored with sedimentary rock, the balance with 
igneous and metamorphic rocks. In the United States, by far the 
greater part of the thousands of square miles drained by the Missis¬ 
sippi River and its tributaries is covered with sedimentary rock. 
Similar rocks also occur, interspersed with igneous and metamor¬ 
phic rocks, along the Atlantic coast and west of the Continental 
Divide. However, the sedimentary rocks occur in what is actually 
a relatively thin skin or veneer on the earth’s surface; they are every¬ 
where underlain by a many times thicker shell of igneous and meta¬ 
morphic rock. The thickness of the sedimentary rock veneer varies 
widely. Over about 25 per cent of the land surface it is not present 
at all; elsewhere the thickness ranges from a few hundred to a few 
thousand feet, although in a few places it has been estimated that 
the sedimentary rock section is as much as 30,000 feet thick. 
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broken .down into grains of sand, the readily altered mineral consti¬ 
tuents have decomposed and disappeared so that only the inert 
quartz remains in any great abundance. Finer than sand is silt, and 
finest of all is clay. The feldspar, which disappears while boulders 
ire being reduced to sand grains, reappears (after undergoing 
chemical alteration) as clay. 

Sedimentary rocks formed by deposition on dry land or in fresh 
waters are known as continental in contrast to marine (oceanic) 
deposits. Only a relatively small amount of sediment is deposited 
on dry land. Wind, ice, and volcanic explosions may mantle the land 
surface with sediments. A glacier carries with it many tons of rock 
debris which is left behind when the ice melts. Volcanic ash blown 
out by mighty explosions may blanket a large area to the leeward 
of the volcano to a depth of several feet. 

Unconsolidated continental deposits, whether made by wind, ice 
volcanic explosions, or running water, form transported mantle. 
Like residual mantle (Chapter 3), transported mantle covers and 
obscures the bed rock. 

The clastic material that is deposited in river valleys is sediment 
on its way to the sea, but it has not yet reached that ultimate goal. 
The character of the sediment in the stream beds depends both upon 
the character of the rock into which the stream and its tributaries 
are entrenched and upon the velocity of the water in the stream. 
The bed of a mountain torrent may be covered with huge boulders, 
while silt is the principal deposit in the flood plain of a sluggish 
prairie stream. In most areas the valley fill contains several different 
sizes of material, testifying to different stream velocities in the past. 

Other depositories for clastic sediment are lakes and oceans. 
Streams entering a lake lose velocity almost immediately and drop 
their sediment. The floor of the lake becomes covered with material 
which may eventually accumulate in sufficient thickness to form 
beds of sedimentary rock. If a lake is not drained through downcut¬ 
ting of the outlet stream, it may be destroyed by becoming filled 
with sediment. 

The great depository for clastic sediment is the ocean. All of, our 
great river systems empty into the ocean, and the volume of sedi¬ 
ment which they carry is stupendous. As the river waters enter and 
mingle with the ocean waters, the velpcity is checked, the material 
which was dragged comes to rest, and the suspended particles begin 
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to settle down onto the sea floor. The deposit which is formed at the 
very mouth of a river is called a delta (Chapter 8). 

By no means all of the clastic material brought into the ocean by 
the rivers finds a final resting place in deltaic deposits. Currents 
moving parallel to the shore pick up some of this sediment and carry 
it for many miles along the shore line, where it mingles with the 
clastic sediment produced by the waves pounding on the rock at 
the water’s edge. The finest suspended material brought to the 
ocean by the rivers (such as clay) travels farther seaward before 
dropping onto the ocean floor. However, very little clastic material 
gets beyond the continental shelves into the ocean basins. Excep¬ 
tions occur where the ocean basin lies immediately offshore, as along 
the Pacific coast of South America. 

During the geologic past the oceans overflowed the continents to 
far beyond the present shorelines, many times. The sediment washed 
off the remaining land areas came to rest on the floors of these much 
enlarged continental shelves. Here is the reason why three-fourths 
of the present land surface is covered with sedimentary rock. The 
area not covered with sedimentary rock today was no doubt also sub¬ 
merged during various past geologic periods, but the sediments de¬ 
posited have subsequently been removed by processes of erosion or 
have been buried beneath younger rocks of igneous origin. 

Most of the dissolved material which is carried to the ocean re¬ 
mains in solution. Many different compounds, including calcium 
carbonate (which in solid form is the mineral calcite), sodium 
chloride (salt), calcium sulphate (anhydrite or gypsum), iron com¬ 
pounds, and even silica, occur in ocean water. In addition there are 
many rare salts, including the economically important potassium 
compounds. Precipitation of these compounds takes place wherever 
a body of water containing them in solution evaporates. Our greatest 
deposits of salt and allied minerals have been formed by the evapo¬ 
ration of land-locked bodies of ocean water. For the formation of 
deposits of salt several hundred feet thick, similar to those occurring 
in parts of the United States, a bar or similar low barrier must lie 
between the evaporating sea and the open ocean. Occasional exces¬ 
sively high tides sweep over the barrier and bring in a fresh supply 
of salt-containing water, of which the water alone evaporates. 

Gypsum or anhydrite are practically universal associates of salt, 
because calcium sulphate is an abundant constituent of ocean brines. 
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The Stassfurt region of Germany and the Texas-New Mexico bound¬ 
ary district not only contain deposits of salt, gypsum, and anhydrite, 
but also a number of rare and very valuable potash salts. Because 
the potassium compounds are very soluble, they will be precipitated 
only after the brine has been almost completely evaporated. 

The evaporation of lake and sea waters may also cause the precipi¬ 
tation of calcium carbonate, making limestone deposits, and iron 
oxide, forming beds of sedimentary iron ore. 

A relatively insignificant amount of sedimentary rock is formed 
on land through precipitation of compounds dissolved in surface- 
reaching ground waters. Some hot spring waters contain large quan¬ 
tities of calcium carbonate and silica which are precipitated through 
the cooling and evaporation which takes place at the surface. 

The third and last group of sediments includes those that are of 
organic origin. Both animals and plants may form sediments. In 
some cases the entire organism becomes rock material, in others 
only the shell which enclosed the animal or plant is preserved. Al¬ 
most all animals build either an internal bony skeleton or a hard 
external shell. The shellfish remove calcium carbonate or, more 
rarely, calcium phosphate from the surrounding sea water and con¬ 
struct a shell which functions as a dwelling in which the animal 
lives. Some animals, such as the corals, are colonial, and live in 
large groups. Instead of constructing isolated shell homes, these 
animals build enormous apartment houses in which many thou¬ 
sands of individuals live. When a colonial animal dies, the scaven¬ 
gers of the sea devour the soft body part, but the shell remains in¬ 
tact. Subsequent generations build their apartments on top of the 
abandoned homes of their predecessors, so that eventually a reef 
will form. This is one way in which limestones are made. The non¬ 
colonial marine shellfish, such as the clams and snails, live in such 
abundance in some places that, as time goes on, their abandoned 
shells accumulate in deposits of sufficient size to form another type of 
limestone. There are still other marine shell-building animals which 
are microscopic in size, but whose shells may nevertheless accumulate 
in thick deposits which later become consolidated into chalky lime¬ 
stone. Most of our shell limestones are of marine origin, although 
fresh-water organisms that secrete calcium carbonate are not un¬ 
known. The marine shellfish live in relatively shallow water. Eydn 
the coral reefs which form islands in the Atlantic and Pacific oceans 
surrounded by deep ocean basins grew in shallow water. Tfhe reefs 



Sedimentary Rocks 217 

cap the tops of volcanic peaks that do not quite reach the water’s 
surface. 

The bones and teeth of fish contain large amounts of phosphorus, 
and, in addition, a few shellfish (which were more abundant in the 
geologic past than at present) build their shells of phosphatic ma¬ 
terial. The accumulation of these phosphatic compounds is one step 
in the formation of phosphate rock. 

Plant remains may accumulate into sufficiently thick deposits to 
form beds of coal. This accumulation takes place either in fresh¬ 
water lakes or in coastal swamps in which the infiltration of sea 
water is insufficient to make the swamp water more than slightly 
saline. The clay and silt that are washed into the lake or swamp in 
which the coal-making materials are accumulating form ash when 
the coal is burned. If enough clay or silt is washed in, carbonaceous 
shale instead of coal is produced. 

One of the lowest types of plants, the diatom, removes silica from 
the water in which it grows, to form a shell or test. Although these 
tests are microscopic in size, they may accumulate into deposits of 
diatomaceous earth many feet thick. Some varieties of diatoms live 
in fresh water; others live in the ocean. 

Lithifaction. The final stage in the formation of 
sedimentary rock is lithifaction. By this process loose, incoherent 
sediment is consolidated into solid rock. Lithifaction may be pro¬ 
duced by compaction, cementation, crystallization, or by a combina¬ 
tion of these processes. 

The sediment which is deposited on the sea floor becomes covered 
with newer (younger) sediment, so that it may eventually be buried 
to a depth of hundreds of feet. The weight of the overlying material 
causes the sediment to compact, and a large amount of the water 
which was present between the particles is squeezed out. The indi¬ 
vidual grains are pressed together to such an extent that interlocking 
takes place, and the material ceases to be incoherent. Compaction 
can be illustrated by squeezing a mass of wet soil in the hand. 

Cementation is a very effective method of rock consolidation. 
Compounds in solution in the water between the sedimentary grains 
precipitate and act as a cement, binding the grains together. The 
commonest cements are calcium carbonate (calcite) and hydrous 
iron oxide (limonite). A very strong but less common cementing 
medium is silica (quartz). A rock which is tightly cemented with 
silica has a toughness equal to that of fresh igneous rock. Limonite- 
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and calcite-cemented rocks are more readily broken up, but they 
still have greater coherence than uncemented rock. 

Precipitated sediment is consolidated by crystallization. The com¬ 
pounds which come out of solution in a body of water and slowly 
settle to the bottom are in a finely divided state. Subsequently these 
minerals crystallize into an interlocking aggregate. The result is a 
dense, compact rock. 

FEATURES OF SEDIMENTARY ROCKS 
Stratification. Because of the way in which sedimen¬ 
tary rocks are formed, they exhibit a number of features that distin¬ 
guish them from igneous and metamorphic rocks. In the first place, 
almost all sedimentary rocks are stratified (occur in layers) (Fig. 
99). This layering is caused by the sorting effect of the medium in 



Fig. 99. Disturbed rock strata. Calico Bluff, Yukon 
River, Alaska. By J. B. Mertie, Jr. Courtesy Geo¬ 
logical Survey, U. S. Depmtment of the Interior. 


which the sediment was deposited and by differences in type of 
sediment. At. one time and at one place the current ^onditions are 
uniform, so that sediments of a certain size (or weight) only will 
be deposited. The coarser (heavier) material is not carried so far, 
and the finer material will be carried by. Later, when a change in 
water velocity occurs at this point, a thin layer of coarser or finer 
material will be deposited above the earlier material. Such veloc¬ 
ity changes are taking pla(Mj> constantly, so bands of material of 
different size overlie each other. Furthermore, the streams entering 
the body of water in which deposition is taking place may bring in 
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Fig. 100. Weathered surface of cross-bedded sand¬ 
stone. Zion National Park. By George A. Grant 
Courtesy National Park Service, U. S. Department 
of the Interior . 

different types of material at different limes. During some seasons 
of the year finely divided plant material mixed with silt will be 
brought in by the streams and deposited as a dark layer on the floor. 
Torrential rains may cause a temporary influx of coarse, light-col¬ 
ored mineral grains which will overlie the darker sediment. Thus 
color banding is produced. 

Wind, running water, and ocean currents all have ability to sort 
sediment so that stratification will result. Moving ice (glaciers) is 
exceptional in that it does not sort the sediment which it carries. 
In consequence, glacial drift is unstratified. However, much of our 
glacial material has been reworked by streams passing through the 
drift sheets, and this secondary activity has produced stratification. 
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Stratification is evident in sedimentary rocks in varying degrees 
of magnitude. In many places very thin laminae (layers), only a 
fraction of an inch in thickness, are visible. These in turn group 
together to form a bed, such as a bed of sandstone. A formation is 
either a single thick bed of one kind of rock or a series of beds of 
different kinds of rock, the outcrop of which can be mapped by the 
geologist. 

Rock stratification is a great aid to the geologist in his interpre¬ 
tation of earth history. He knows that the deeper layers are older 
than the higher layers, because they must have been deposited first. 
Geologic history of the earth and the evolutionary development 
of our plant and animal life have been traced by following this fun¬ 
damental law of stratigraphy: Overlying strata are younger in age 
than underlying strata. An exception occurs where rocks have been 
overturned. Geologists have determined the relative age of the 
rocks in all accessible parts of the world. 

Cross-bedding. A feature shown by some sedimen¬ 
tary rocks is cross-bedding (Fig. 100). The individual beds or laminae 
do not actually cross, as the term implies, but may appear to until ex¬ 
amined closely. Cross-bedding is a common phenomenon in wind¬ 
blown deposits. The sand is deposited on the leeward side of the 
dune in layers which dip in the direction of wind movement. A 
slight shift in the direction of the wind will change the direction of 
dip of the sand layers. In that way alternate layers of sand become 
“cross-bedded.” The same thing takes place in river channels where 
changes in the direction of current flow cause adjacent laminae to 
dip in different directions. 

Deltaic deposits (Fig. 101) illustrate cross-bedding on a grand 
scale. Sediment is dropped at three different places on the delta: (1) 
on the nearly flat top, (2) on the seaward or lakeward slope at the 
outward end of the main delta, and (3) on the sea or lake floor out 
beyond the delta proper. The sediment deposited in the first and 
third places will be nearly horizontal, while that deposited on the 
outward-moving “nose” of the delta will be inclined. In consequence 
a-cut through a relatively undisturbed delta will show early flat-lying 
layers at the bottom (bottomset beds) which were deposited before 
the main delta had moved to that point; inclined layers above (fore¬ 
set beds), which were deposited on the outward edge of the main 
delta when it occupied that position; and flat-lying sediments on 
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top (topset beds) which were deposited after the “nose” of the delta 
had moved on. 

Other features of sedimentary rocks. Sedimentary 
rocks may have ripple marks (Figs. 102 and 103) and mud cracks. 
The former are distinctive corrugations made by local wave-created 
currents working on the surface of unconsolidated sediment covered 
by shallow water. Where ripple marks are preserved they occur on 
the tops of rock strata. Mud cracks occur where sediment is exposed 
to the air sufficiently long to dry out and contract into many-sided 
blocks. Later, sediment of a different type may be deposited in the 
cracks and across the top so that the mud-crack structure is pre¬ 
served and becomes visible when the rocks are reexposed by erosion. 

Rounded, tightly cemented nodules of mineral matter occurring 
in sedimentary rocks are known as concretions. Those formed by 
ground water precipitation were described in Chapter 4. It is also 
believed that concretions can be formed on the sea floor at the time 
that the surrounding sediment is being deposited. Such contempo- 



Fig. 101. Topset, foreset, and bottomset beds which were deposited in delta 
in temporary lake bordering continental ice sheet. University of Michigan 
campus, Ann Arbor. By R. C. Hussey. 
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raneous concretions occur over wide distances, and may ne used for 
purposes of identification and correlation of the containing forma¬ 
tion. In some instances the concretions are widely spaced; in others 
they are so close together that they merge to form a continuous bed. 
The shapes may be spherical, elliptical, discoidal, or irregular. Sizes 
vary from less than one inch across to several feet. Silica, in the form 
of chalcedony (chert or flint) is a very common concretion-making 
compound. Calcium carbonate (calcite), iron sulphide (pyrite or 
marcasite), and other substances also occur in concretions. 

A very valuable criterion of the identity and age of sedimentary 
rocks is the presence of fossils, which give evidence of the former 
existence of plants or animals. In some instances actual remains of 
the organisms are found, such as an animal’s tooth, the shell of a 
clam, or the test of a diatom. In other instances the organism has been 
petrified, which means that the organic material has been completely 
replaced by mineral matter, without necessarily destroying its orig¬ 
inal shape and markings. Petrified wood is formed through the par¬ 
ticle-by-particle replacement of woody material by silica. Some fos¬ 
sils are merely molds or casts of organisms. Molds are formed where 
mud or other sediment has completely enfolded an organism (or has 



Fig. 102. Current ripple marks left by ebbing tide in unconsolidated sedi¬ 
ment Windsor, Nova Scotia. Courtesy Canadian Department of Mines and 
Resources. 
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filled an interior cavity) after which the organism has been dissolved 
away. A cast is formed by sediment filling in an exterior mold. The 
non-organic material in molds and casts may preserve remarkably 
well the shape of the original organism. Preserved footprints, tracks, 
trails, and burrows are likewise considered to be fossils. 

The color of sedimentary rocks is a blend of the colors present 
in the mineral grains and in the material lying between the grains. 
The most resistant of the common minerals composing the crust of 
the earth is quartz, so this mineral is common in sedimentary rocks. 
Clay minerals are also abundant. Calcite is the essential ingredient 
of limestone. All of these minerals tend to be light in color, so sedi¬ 
mentary rocks composed entirely of these minerals are white or gray. 



Fig. 103. Ripple marks being made by flowing 
stream water. Courtesy Canadian Department of 
Mines and Resources. 


However, carbonaceous matter is black, and where such material 
was deposited with the other sediment the resulting rock is darker 
in shade. Sandstones, shales, and limestones may vary in color from 
white through various shades of gray to black, depending upon the 
amount of carbonaceous matter present. Red tints are also found 
in sedimentary rocks. In most cases these colors are due to the pres¬ 
ence of iron minerals which were either deposited with the other 
sediment or were subsequently introduced by ground waters which 
precipitated them as cement between the grains. Hematite (iron 
oxide) produces red colors, and limonite fhvdrous iron oxide) yel- 
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lows and browns. These are powerful coloring agents, and a rela¬ 
tively small quantity is sufficient to color a large amount of rock. 
The southwestern United States contains many cubic miles of “red 
beds,” hematite-colored sedimentary rocks which contribute much 
to the beauty of that region. Several national parks and monuments, 
such as Bryce and Zion, are places in which erosion has exposed a 
thick series of red beds. Where the hematite is less abundantly dis¬ 
seminated through inherently white rock, the resulting shade is pink. 
Iron minerals scattered through rock may alter to limonite upon 
exposure to the atmosphere; many light colored rocks, especially 
limestones and sandstones, are yellow or buff at the outcrop for this 
reason. 

VARIETIES OF SEDIMENTARY ROCK 
Classification. Sedimentary rocks are classified accord¬ 
ing to the nature of the original sediment. The largest group is the 
clastic, which includes all rock composed of fragmental material. 
The clastic rocks are subdivided on a basis of size or texture of the 
component grains; further division is made in the case of coarse 
elastics on the degree of rounding shown by the individual frag¬ 
ments. Subvarieties, not considered in this book, are based on the 
mineral content of the clastic grains. 

The second group of sedimentary rocks includes the chemical 
deposits, which consist of compounds precipitated from aqueous 
solutions. The evaporation of mineralized water, such as found in 
hot springs, salt lakes, and bodies of sea water separated from the 
ocean through one cause or another results in the formation of sedi¬ 
mentary rocks of this type. The name of the rock is dependent upon 
the chemical composition. 

CLASSIFICATION OF SEDIMENTARY ROCKS 



I. Clastic Deposits 


Unconsolidated 


Consolidated 


Clay, silt 
Sand 

Boulders, cobbles, 
gravel 

Angular elastics 
Till 


Shale, siltstone 
Sandstone, quartzite 
Conglomerate, quartz- 
itic conglomerate 
Breccia 
Tillite 
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Organic deposits constitute the last group. In some cases the rocks 
in this group consist of accumulated organic matter (which may, 
however, have passed through a long and involved series of chemical 
changes since deposition), in others the rocks are composed, not of 
organic material, but of mineral compounds which were extracted 
from water by organisms. This group is of great economic impor¬ 
tance because it contains, or is the source of, the mineral fuels: coal, 
petroleum, and natural gas. 

II. Chemical (Precipitated) Deposits 


Chemical Compound 

Rock Name 

Calcium carbonate 

Limestone, tufa 

Calcium magnesium carbonate 

Dolomite 

Calcium sulphate 

Gypsum, anhydrite 

Sodium chloride 

Salt 

Silicon dioxide (silica) 

Chert, flint 

Siliceous sinter 

Iron oxide 

Sedimentary iron ore 


III. Organic Deposits 


Material 

Rock Name 

Diatoms 

Diatomaceous earth 

Shells 

Limestone 

Phosphatic organic material 

Phosphate rock 

Plants 

Coal 


It is not intended by this classification to set up fixed pigeonholes 
in which every sedimentary rock can be placed. Complete gradation 
exists between many of the rocks shown in the table; furthermore, 
different types of sediment may be deposited together, resulting in 
a mixed rock. For example, the line of demarcation between fine 
gravel and coarse sand is an arbitrary one; a rock composed of such 
material may be called either a fine conglomerate or a coarse sand¬ 
stone. In the other direction sand grades into silt, so that there is no 
natural boundary between sandstones and shales. Also silt or clay 
particles may be deposited between grains of sand, so that there is 
every gradation possible from sandstone through shaly sandstone 
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and sandy shale to shale. The sea floor on which organic material is 
accumulating may receive clastic sediment settling from the waters 
above; in consequence, the sedimentary rocks in the crust of the 
earth include sandy and shaly limestones, and every gradation from 
coal through shaly coal and carbonaceous shale to shale. The evapo¬ 
rating body of water in which salt is being precipitated may receive 
silt or clay from inflowing streams so that a shaly salt or a salty shale 
will result. Many other examples of gradations and mixtures in sedi¬ 
mentary rocks could be cited. 

Shale and siltstone. The finest clastic particles consist 
of either clay minerals, which are formed by the decomposition of 
feldspar, or of silt, which is made up of finely ground grains of pri¬ 
mary minerals, mainly quartz. Because these particles are very small 
(under 1/250 inch in diameter) they are transported mainly in sus¬ 
pension and will settle down onto the floor of lake or sea only where 
the water is very quiet; in other words, out beyond the zone of break¬ 
ing waves and strong shore currents. Clays and silts are consolidated 
mainly by the pressure exerted by younger, overlying sediments. A 
large volume of water is squeezed out and the individual particles 
are pressed together into an interlocking aggregate. The resulting 
rock is relatively soft but very compact. 

The fact that shales and siltstones constitute over four-fifths of the 
sedimentary rocks shows that most clastic material is broken down 
by chemical and physical processes to a very fine size before being 
deposited in its final resting place. Most shales and siltstones are 
marine, but there are some very thick formations which were de¬ 
posited entirely in fresh water. This information is obtained by a 
study of the fossils (mainly the remains of very small organisms) 
which may be present in the shale or siltstone. 

Fineness of grains and softness are two of several characteristics 
by means of which shales and siltstones can be identified. These 
rocks tend to split easily along bedding planes. The bedding planes 
are close together; in some shales the individual layers or beds are 
no thicker than a sheet of paper. In many cases adjacent layers in a 
shale are differently colored, due to slightly different conditions at 
the time of deposition. It is believed that some color banding, espe¬ 
cially where light layers alternate with dark, marks differences be¬ 
tween summer and winter deposition; a pair of such layers therefore 
represents a year, and the length of time consumed in depositing a 
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shale formation of this type can be ascertained by counting the total 
number of color pairs. 

Commonest shale and siltstone colors are gray and black. A pure 
clay shale is light gray; the presence of organic material darkens the 
shale so that the strongly carbonaceous shales are as black as coal. 
Shales containing ferric iron minerals are red; the thick “red bed” 
deposits of the southwestern United States consist of both red shales 
and sandstones. Other colors less commonly seen in shales are pink, 
maroon, purple, yellow, brown, and green. 

Most shales and siltstones are friable, crumbling readily when 
rubbed between the fingers. The weathering of a shale consists 
mainly of soaking up water, which produces swelling and reversion 
to the original clay. Because of their fine grains, softness, friability, 
and ready disintegration by weathering, shales are among the most 
easily eroded of rocks. Under conditions of semi-aridity, thick shale 
or siltstone formations directly underlying the surface are carved 
into “badlands” by running water. Bryce Canyon, a National Park 
in Utah, is a badlands in a multicolored shale formation. Where 
these rocks are interbedded with more resistant rocks, such as sand¬ 
stones or limestones, erosion will produce relatively gentle slopes 
over the area of shale outcrop. In humid climates such slopes are 
covered with vegetation; therefore, outcrops of shale are ordinarily 
seen much less frequently than outcrops of other sedimentary rocks 
which are much less abundant. 

The percentage of shale utilized industrially is insignificant com¬ 
pared to the total volume available. However, clays, occurring either 
in clay shales or in deposits which have never been compressed into 
shale, are of considerable industrial importance because they can be 
shaped and heated (“fired” or “burned”) to produce hard and dur¬ 
able objects. The most characteristic property of clay is plasticity, 
which is the ability to be molded without rupture when wet, and to 
retain the molded form when dry. The color of burned clay varies 
from white to red and even black, with various intermediate shades 
such as cream, yellow, and buff. 

The manufacture of clay products is known as the ceramic indus¬ 
try. Clay products may be classified into refractory (bricks, crucibles, 
and retorts), structural (brick, tile, and terra cotta), domestic (vitri¬ 
fied brick, sinks, sewer pipes, chinaware, and pottery), and electrical 
(insulators). In volume, brick and tile exceed the other ceramic 
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products, but in value pottery heads the list because of the cost of 
the high quality clay used and the skilled artisanship necessary to 
produce marketable ware. Unburned clay is used in the manufac¬ 
ture of Portland cement and as a filler in paper and paints. 

Oil shale is a carbonaceous shale which will yield oil upon dis¬ 
tillation. Since oil shales contain no oil, however, squeezing, or soak¬ 
ing in solvents, will not produce results. The oil has to be generated 
from the carbonaceous matter by heat. Most oil shales are of the 
fresh-water type and the organic material present consists of plant 
remains, especially spores and pollen. Oil shales might logically be 
described as high-ash cannel (spore) coals. The first step in exploit¬ 
ing an oil shale deposit is to mine the shale. Then the shale is placed 
in large retorts and heated. The gases given off are condensed and 
an oil analogous to crude oil produced. One ton of shale may yield 
twenty or more gallons. The retort oil is then refined and the usual 
petroleum products, though in different proportions, are obtained. 

Scotland and France have had a small oil shale industry for many 
years. The United States contains an enormous reserve of oil shale, 
especially in parts of Colorado and adjacent states which are under¬ 
lain by the thick Green River shale. It has been calculated that more 
oil is tied up in these oil-shale deposits than has been so far pro¬ 
duced in the United States. About 1920, when very few new fields 
were being discovered and a petroleum shortage was in prospect, 
considerable experimentation was carried on with domestic oil shale. 
However, many new oil fields were subsequently discovered, and 
inasmuch as oil shale cannot be exploited profitably in this country, 
with crude oil at or near its present price, oil-shale activity became 
dormant. But the petroleum reserves of the world, although now 
known to be enormous, will not last forever, and the oil-shale de¬ 
posits of this and other countries constitute an important reserve 
upon which future generations will be able to draw. 

Sandstone. As the name implies, sandstones are com- 
posed of sand grains. These grains consist of the most indestructible 
minerals in the source rlfbk, which are carried by water or wind to a 
final resting place. In the process, the grains may become rounded 
through rubbing. 

The greatest volume*of sand is deposited in the ocean; it is both 
brought in by the rivers entering the sea and obtained by wave ero¬ 
sion along.the coast line. In a similar manner, sand may be deposited 
on the beaches and floors of interior seas and lakes. Some sand 
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deposits are obviously of deltaic origin; such deposits can be recog¬ 
nized by the steeply dipping foreset beds (Fig. 104) which mark suc¬ 
cessive outer edges of the delta. The beds of many rivers contain 
sand; one great source of industrial sand is streams from which the 
sand is dredged or pumped. In rare instances stream sands have been 
covered by younger sediments and preserved, forming so-called 
“shoestring” sandstone bodies which in a few parts of the United 



Fig. 104. Sandstone containing foreset beds. Zion Canyon, Utah. Courtesy 
Union Pacific Railroad. 
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States contain commercial supplies of oil. Windblown sand also 
has accumulated in the past in deposits which have been preserved. 

Sandstone beds are in most cases interbedded with shale (Fig. 105). 
Obviously, the conditions under which deposition took place in the 
past were constantly shifting. A slight depression of the shore line 
might have made a spot that was formerly being covered with sand 
sufficiently deep or far offshore so that the waters were quiet, and 
clay was deposited over the sand. An elevation of the shoreline to 
somewhere near its original position might then have restored the 
previous conditions so that sand would be deposited again, this 
time above the clay. Or the streams might have become more active 
because of greater rainfall or tilting of the surface so that the gra¬ 
dient would be increased, in which case the sand would be carried 
out and deposited over areas which were heretofore receiving only 
clay or silt. The many alternations between shale, sandstone, and 
other sedimentary rocks in the earth’s crust attest to an almost 
endless shifting of conditions in the geologic past. No doubt these 
same shifts are taking place today, but the rate of change is so slow 
that it makes little impression upon us. 

Sands are converted into sandstone mainly by cementation of the 
grains. Because of their shape, sand grains cannot be packed closely. 



Fig. 105. Fluted cliff face of sandstone with interbedded shale. Jutting 
layers are more resistant sandstone beds; soft shales lie back of the horizontal 
grooves. Castle Rock, near Florence, Colorado. By R. C. Hussey . 




Sedimentary Rocks 231 

Although every grain may be wedged tightly in place, the rounded 
surfaces cause open spaces to remain between the grains. In fact 
about 40 per cent of the volume occupied by a sand consists of inter¬ 
stitial (between-the-grains) openings, which are so interconnected 
that air, gases, or liquids can flow fairly freely through them. With 
but few exceptions these pore spaces are filled with water from the 
time a sand is first deposited. Minerals in solution in the water may 
precipitate and act as a cement between the grains. Rarely, however, 
is this cementation at all complete, so most sandstones still have a 
porosity of from 15 to 35 per cent of the total volume of the rock. 

The commonest substance cementing sandstones is calcium car¬ 
bonate, the same compound which, when fairly pure, makes a lime¬ 
stone. Hydrous iron oxide (limonite) is another common cementing 
medium. Sandstones cemented with limonite are yellow, buff, or 
brown in color. Some sandstones are cemented by silica, the same 
compound (quartz) as most of the grains in the average sandstone. 
Silica-cemented sandstones are very strong; the cement is just as 
hard as the grains themselves, so that these rocks fracture through the 
grains instead of around them, as is the case with other cements. 
Quartz sand grains completely bound together by silica make one 
type of quartzite , an exceptionally tough rock. Many of the older 
sandstones in the earth’s crust and, here and there, younger sand¬ 
stones have been cemented into quartzites by precipitation of silica 
cement from ground waters. Iron carbonate or oxide may also be 
cementing material. Cementation changes a loose aggregate of sand 
into a compact rock. A loosely cemented sandstone may be friable; 
one tightly cemented is not. 

About one-eighth of the sedimentary rock in the earth’s crust is 
sandstone. However, sandstones are more resistant to erosion than 
the much commoner shale, and are therefore more prominent topo¬ 
graphically (Fig. 50). In many places they form the cap rock for 
hogbacks and mesas, features which were described in Chapter 5. 
The resistance of sandstone to erosion causes steep slopes to be 
formed where nature carves into or through beds of this material. 
The rock forming the sheer walls of Zion Canyon in Utah, Canyon 
de Chelly, Arizona, and many canyons elsewhere is sandstone. 

Sandstones are easily identified because they consist of visible 
grains of sand. These grains are always partly rounded and may be 
almost spherical. Quartz, due to its abundance in granite, and its 
resistance to physical disintegration and chemical decomposition, is 
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by far the most common mineral in sandstones. Where feldspars and 
other less stable minerals are present, the assumption is that either 
the climate was excessively dry at the time of deposition, slowing 
down decomposition, or else the sand was carried but a short dis¬ 
tance from its source. Additional evidence concerning the distance 
and type of transportation can be found in the degree to which the 
individual grains, originally angular, have been rounded. The far¬ 
ther a grain has been transported, the more rounded it will be. 
Scattered among the grains in a sandstone may also be heavier min¬ 
erals, such as metallic compounds, which are as stable as quartz but 
less abundant because they were relatively scarce in the source rock. 
The separation and identification of these minerals supply evidence 
as to the type of rock from which the sediment was derived. 

Individual beds of sandstone are on the average much thicker 
than those of shale; some single beds are many feet thick. Thin beds 
are not unknown, however, and, where the beds are differently 
colored, a banded sandstone is the result. Sandstones may split along 
bedding planes, but the separation is not as easy as it is in the case 
of shale. Most sandstones are white or grey, but a limonite cement 
produces a yellow, buff, or brown stone, and hematite makes a red 
sandstone. Other colors are uncommon. 

A property of sandstone which is not readily discernible but 
which plays an important role in the storage of ground water, petro¬ 
leum, and natural gas, is porosity. By means of the interconnecting 
pore spaces, gases and fluids can move through, and be stored in, 
sandstone. 

The weathering of sandstone is accomplished mainly by the 
solution and removal of the cement that holds the grains together. 
Calcareous cement is especially susceptible to solution by water at 
and near the surface. With the removal of the cement the sandstone 
again becomes a loose aggregate of sand and can be carried away 
easily by running water and wind. The sand grains themselves, 
because they consist mainly of quartz, are not very susceptible to 
weathering agents. 

Throughout historic time sandstone has been used as building 
stone. A few decades ago a brown sandstone occurring among the 
rocks of the North Atlantic coastal region was very popular, and 
many “brownstone” houses were built in the cities of that area. In 
more recent years the fad has turned to white Indiana limestone as 
a building stone, and the quarrying of sandstone has declined. How- 
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ever, there still are many quarries producing sandstone for local 
consumption. 

Grindstones are made of sandstone which is neither too fine nor 
too coarse, and neither too tightly nor too loosely cemented. Most of 
the grindstones produced in the United States come from a single 
sandstone formation which outcrops in Ohio. 

Many of the major groundwater reservoirs are sandstones. The 
northern Great Plains area obtains most of its water from a wide¬ 
spread sandstone formation known as the Dakota. Likewise, sand¬ 
stone is an extremely important reservoir rock for oil and gas. In 
drillers* terminology, any oil- or gas-producing bed, whether it be a 
sandstone, limestone, or dolomite, is called a “sand.” 

Coarse elastics . One variety, termed conglomerate (Fig. 
106), is made up of waterworn boulders, cobbles, and pebbles, with 



Fig. 106. Exceptionally coarse 
conglomerate. Hammer in center 
gives scale. Malm Gulch, Custer 
County, Colorado. By C. P. Ross. 
Courtesy Geological Survey, U. S . 
Department of the Interior. 
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sand ordinarily filling the interstitial spaces between the coarser sedi¬ 
ments. These materials accumulate along the shoreward edges of 
beaches, and in the beds of fast moving streams. They become 
cemented by the same compounds that cause grains of sand to ad¬ 
here in a sandstone. Where silica is the cementing medium, the rock 
is called a quartzitic conglomerate. Conglomerates are composed of 
worn fragments of rock, and quartz is only one of a number of min¬ 
erals which may be present in this rock. The individual boulders 
are readily discernible, so recognition of a conglomerate, or “pud- 
dingstone,” as it is often called, is easy. Conglomerates are relatively 
scarce. 

A breccia is composed of angular rock fragments cemented to¬ 
gether (Figs. 85 and 98). Coarse material ejected from a volcano, 
or talus which accumulates at the base of a cliff, may be cemented 
to form breccia. The heterogeneous collection of sub-angular and 
unsorted rock fragments transported and deposited by a glacier is 
till; upon cementation the rock becomes a tillite. The presence of 
tillites among sedimentary rocks gives evidence of ancient glacial 
periods. 

Limestone. Limestone is listed twice on the table 
given on page 225 because it can be formed both through the pre¬ 
cipitation of calcium carbonate from water, and through the re¬ 
moval of this compound by organisms, mainly shellfish. As a matter 
of fact, many limestones are formed by a combination of these 
processes. Most, but not all, limestones were deposited in salt water. 

Calcium compounds are fairly common products of the decom¬ 
position of such minerals as the feldspars. Carbon dioxide is pro¬ 
duced both by volcanic activity and by organisms. Consequently, 
the rivers emptying into the oceans carry the elements necessary to 
make calcium carbonate, a compound which is relatively insoluble 
and so is readily precipitated. The presence of even minute amounts 
of calcium carbonate dissolved in water is all that is necessary for 
the growth of various types of animals, and some plants, which re¬ 
move it from the surrounding water. A few limestone formations are 
quite obviously ancient reefs, but most limestones of organic origin 
are formed through the accumulation on the sea floor of countless 
millions of individual shells. 

The limestones lying at and near the earth’s surfacefere them¬ 
selves a source of calcium carbonate, so some limestone building 
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may be an endless cycle with older calcareous rocks supplying the 
material necessary for the formation of younger limestones. 

Calcium carbonate accumulates on the sea floor as unconsolidated 
calcareous ooze or, in the case of organic deposits, as an incoherent 
collection of shells. Lithifaction is accomplished in part by pressure, 
which squeezes out the water, but mainly by crystallization of the 
calcium carbonate into an interlocking aggregate of calcite crystals, 
producing an exceedingly compact rock; most limestones are not 
friable in the least. 

Limestones (and dolomites) compose about 6 per cent of the 
sedimentary rocks in the earth’s crust. These rocks are therefore 
much less abundant than shale, and only about half as common as 
sandstone. Nevertheless, limestones are fairly widespread and, like 
sandstone, are more resistant to erosion than the associated shale, 
so that good exposures are fairly common (Fig. 107). 

The sole essential mineral in limestone is calcite, but in many 
cases the individual crystals of this mineral are too small to be 
recognized. Limestones are easily identified through the bubbling 
or effervescence that takes place when the surface is touched with a 
drop of dilute acid. Many limestones contain scattered shells of 



Fig. 107. Limestone, with relatively thin interbedded softer shales, exposed 
in creek valley in northeastern Kansas. By Oren Bingham . Courtesy Kansas 
Geological Survey. 
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clams, snails, and other animals. Because of its mineral composition, 
limestone is a rather soft rock, scratching readily under the point of 
a knife blade. 

Common limestone is white or gray in color. Where hydrous iron 
oxide (limonite) is present, the rock is yellow, buff, or brown. Some 
limestones are black, caused in most cases by the presence of organic 
material. Chalk (Fig. 108) is the name applied to a dense, excessively 
fine-grained, light-colored limestone that is composed of the shells 
of microscopic animals. A limestone made up entirely of visible 
shells and shell fragments is known as a coquina. 

As well as surface waters, many hot spring waters contain calcium 



Fig. 108. Chalk in thick massive layers. Man in center gives scale. Smith 
Coupty, Kansas. By Kenneth K. Landes. 


carbonate in solution, which may be precipitated at the surface 
through cooling and evaporation. The light and porous rock which 
results is called tufa or travertine. Tufa deposits are found around 
present-day hot springs and geysers, and some limestone formations 
are believed to have been tufa deposits originally. 

The weathering of limestones is largely a leaching process. Al¬ 
though practically insoluble in pure water, limestone is readily 
soluble in water containing carbon dioxide, a compound that is 
fairly prevalent in surface and near-surface waters. For this reason 
limestones'at the outcrop tend to develop a pitted appearance, and 
limestones beneath the surface may be made cavernous through the 
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activity of ground water. A continuation of these processes results 
eventually in the complete removal of a limestone formation. 

Limestone is a rock of many uses. Its popularity at the present 
time as a building stone has already been mentioned. In addition 
to the great Bedford limestone quarries located in Indiana, which 
supply white dimension stone for building construction over a large 
area, there are many smaller quarries that supply a local market. 
Actually only a relatively small part of limestone quarried is used 
as dimension stone. Most of it is crushed and used in concrete ag¬ 
gregate, as a road surfacing material, and in the manufacture of lime 
and cements. It is used also as a furnace flux in metallurgical plants 
and as agricultural limestone, which is spread over the surface of 
soils deficient in calcium. 

One valuable quality of limestone is its behavior upon heating; 
high temperatures cause carbon dioxide (a gas) to be driven off, 
leaving calcium oxide (lime or quicklime). Lime has a high affinity 
for water, and when water is added it slakes (combines with the 
water) with evolution of heat to form hydrated lime. Its principal 
use is to form mortar and plaster with the addition of sand. 

Natural cement is made from a shaly limestone in which the 
impurities run from 15 to 40 per cent. The impure limestone is 
heated in the same way as in the manufacture of lime, but, instead 
of making lime, the calcium unites with the impurities to form 
other compounds. However, the resultant product will slake with 
the addition of water after it is pulverized. Natural cement manu¬ 
facture is a minor industry now, but this material was used for many 
centuries before the discovery of Portland cement. 

Portland cement was patented in England in 1824. It was named 
after its alleged resemblance to a very popular English limestone 
extensively used for building purposes. Portland differs from natu¬ 
ral cement mainly in that the ingredients are first mixed in very 
definite proportions. If the rocks are pure, three parts of limestone 
is mixed with one part of clay or shale. This mixture is heated until 
it clinkers, and then the clinkers are pulverized. The increased use 
of Portland cement in building construction has caused a decrease 
in the use of building stone. 

Limestones are not as consistently porous as sandstones, yet many 
limestone beds contain enough openings so that they contain a large 
volume of water, gas, or oil. These openings may be solution cavi¬ 
ties, or they may be interconnecting fractures that cut through this 
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relatively brittle rock. The deeply buried limestones (and dolo¬ 
mites) in the Mid-Continent produce great quantities of oil. The 
production of limestone wells can be increased by “acidizing,” pour¬ 
ing into the well a dilute acid which eats out the limestone and in¬ 
creases the passageways into the well. 

Dolomite. Dolomite is a carbonate of both calcium 
and magnesium. It occurs in sedimentary beds like limestone; in fact 
most limestones contain some magnesium carbonate, and there is 
every gradation between limestone, dolomitic limestone, and dolo¬ 
mite. It has been suggested that dolomites have been formed 
through the replacement of calcium carbonate by waters containing 
magnesium, this replacement taking place in the calcareous ooze on 
the sea floor in most instances. 

Dolomite is less abundant than limestone but is fairly common, 
nevertheless, in some regions. It looks like limestone, but it effer¬ 
vesces vigorously in acid only when powdered. Dolomite is used like 
limestone for building stone, but it cannot be used in cement manu¬ 
facture. It can, however, be used as a refractory, for it has a higher 
melting point than limestone. Dead-burned (heated so that the car¬ 
bon dioxide is driven off) dolomite is used to line open-hearth steel 
furnaces. An even more valuable refractory is the pure magnesium 
carbonate, magnesite, which is somewhat similar in its occurrence. 

Dolomite is also made into compounds used in heat insulation. 
Deeply buried dolomitic formations in the Mid-Continent are in 
places sufficiently porous to contain large supplies of petroleum. 

Salt and gypsum. Sodium chloride (salt) and calcium 
sulphate (gypsum) are abundant compounds in sea water and in 
interior bodies of water that lack outlet. The great beds of salt and 
gypsum that occur in the earth were formed through the evapora¬ 
tion of sea water that became intermittently separated from' the 
main ocean. Calcium sulphate, which is present in the mineral gyp¬ 
sum, is much less soluble than salt and therefore precipitates before 
salt during the evaporation of a normal brine. Certain rare salts, 
including potash compounds, which are even more soluble than 
sodium chloride, are precipitated only when evaporation continues 
almost to dryness. 

The sodium in salt comes originally from such igneous minerals 
a* feldspar. Chlorine-is a gas given off by volcanoes. It is brought to 
the earth's surface by rain falling through chlorine-laden atmos¬ 
phere. The union of these two elements produces salt, but because 
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of its great solubility this compound will not be precipitated except 
through evaporation. 

Salt is easily identified by its taste. It occurs in stratified beds in 
such compact form that in mining it has to be drilled and shot with 
explosives like any other rock. However, because of its solubility, 
salt can also be obtained by pumping fresh water down wells and 
evaporating the resultant brine which is brought back to the surface. 
Salt crystals are colorless, but most rock salt is white or gray. 

Beds of salt do not outcrop except under unusually arid condi¬ 
tions. However, ground waters may penetrate salt deposits and 
emerge at the surface as salt springs, thus disclosing the presence of 
hidden salt beds. Salt has also been discovered through drill holes, 
put down in some cases for salt, but in most cases drilled for water, 
oil, or gas. 

Michigan, Ohio, and New York produce salt from the same 
formation (Fig? 109). The largest known salt deposit in the world 
extends from Kansas across western Oklahoma and Texas into east- 
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Fig. 109. Salt mine. Alternating strata of light and dark salt visible at right 
and above the figure at left. Courtesy International Salt Company . 
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ern New Mexico. Salt is obtained also from the brine of Great Salt 
Lake, the Dead Sea, and from ocean water in San Francisco Bay. 
Louisiana has become an important salt-producing state through the 
exploitation of salt plugs (Fig. 110). These vertical, pipe-like bodies 
are formed by the upward flowage, under pressure, of salt from deep- 
seated sedimentary beds. The Stassfurt region in Germany produces 
not only salt, but also rare and valuable potash compounds. 

Salt is the only edible mineral. Essential to the normal diet, it has 
been sought and treasured throughout historic time. The chief uses 
of salt are for table use, for butter, for stock, for meatpacking and 
curing, for pickling, and for adding to the ice used in making ice 



Fig. 110. Large room in salt mine in piercement 
salt dome or plug. Louisiana. Courtesy International 
Salt Company. 
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cream. It also is used in large quantity in the manufacture of various 
chemicals. 

It is quite possible that most gypsum (calcium sulphate plus 
water) was originally precipitated as anhydrite (calcium sulphate 
without water) which was subsequently hydrated through the ad¬ 
dition of ground water. Gypsum deposits are geographically more 
extensive than salt deposits, because calcium sulphate, less soluble, 
is precipitated from brine before salt. In some instances the 
evaporating process was stopped after calcium sulphate had sepa¬ 
rated out but before salt precipitation began. Gypsum occurs in the 
same formations previously mentioned as yielding salt and, in ad¬ 
dition, in strata in the Rocky Mountain region. 

Most rock gypsum is white in color. It is so soft that it can be 
scratched with the fingernail. Anhydrite is very similar in appear¬ 
ance but is slightly harder. These rocks may be interbedded with 
layers of salt or shale, because of changes in local environment at 
the time of deposition. 

Some gypsum is used in “raw” form as a retarder in Portland 
cement, as a fertilizer (gypsum is not in itself a plant food but it 
often reacts with other substances to produce plant food), as a base 
in paints and insectides, and as a filler in cotton and paper. A com¬ 
pact, dense variety of gypsum known as alabaster has been used in 
place of marble by sculptors. 

Most gypsum is burned or “calcined.” In this process three-fourths 
of the chemically combined water is driven off, and the resulting 
product, known as plaster of paris, has the ability to recombine with 
water and “set” into the shape to which it has been molded. The 
chief use of plaster of paris is in wall plaster, but it also has many 
other uses, including plaster board, tile, stucco, surgical casts, and 
models of many types. 

Cypsum may also be burned to complete dehydration to produce 
a product (Keene's cement) which is likewise used as a plaster. 

Sulphur. A natural by-product of gypsum is free 
sulphur. In a few localities the calcium sulphate in gypsum (or an¬ 
hydrite) has been reduced by bacterial action so that the bed is 
partially or completely altered to native sulphur. The only exten¬ 
sive sources of free sulphur for many centuries were such deposits on 
the island of Sicily. The Sicilian monopoly was broken in 1904, 
when a method was developed for the extraction by drilled wells of 
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sulphur of similar origin occurring in the cap rock of some of the 
salt plugs on the Gulf Coast of Louisiana and Texas. 

Over half of the sulphur consumed in the United States goes into 
sulphuric acid. Sulphur fumes produced by the smelting of sulphide 
ores are likewise transformed into sulphuric acid, which is very 
important to industry. It is used for many purposes, including the 
manufacture of acid fertilizers, chemicals, dyes, and explosives, pe¬ 
troleum refining, sugar processing, in storage batteries, and in 
galvanizing. Next in importance to sulphuric acid are other com¬ 
pounds used in paper manufacture, refrigerants, fumigants, bleach¬ 
ing agents, and chemicals. Sulphur is necessary also in vulcanizing 
rubber. Other uses for sulphur are in insecticides, fertilizers, and 
match heads. 

Siliceous deposits. Even silica, the oxide of silicon 
that in crystalline form is quartz, is slightly soluble in water. Silica 
is carried to the sea by the rivers draining the continents. It is chem¬ 
ically precipitated on the ocean floor in colloidal (gelatinous) masses. 
The conditions favoring this precipitation are the same as for cal¬ 
cium carbonate; therefore, such siliceous deposits occur in most cases 
in limestone. Burial subjects the colloidal masses to pressure, so that 
the water is squeezed out and the silica becomes hard white chert or 
black flint, both submicroscopically crystalline varieties of quartz. 
These minerals occur in nodules, lenses, and even in beda»Many 
limestones are cherty; a few formations consist almost entirely of this 
material. Hot spring waters, beside depositing calcareous tufa, may 
also precipitate silica. Such deposits are called siliceous sinter. 

Sedimentary iron ore. The great iron deposits that 
extend from the Birmingham distirict in Alabama to New York are 
sedimentary. The ore mineral, hematite, occurs in beds which are 
inter-stratified with other sedimentary rocks. Iron oxide is present 
in small amounts in all bodies of water and is precipitated when the 
water evaporates. Iron can also be removed from solution by iron- 
secreting bacteria. England and Europe contain deposits of “bog 
iron ore,” consisting mainly of iron carbonate which apparently was 
precipitated from swamp waters abnormally high in iron. 

Diatomaceous earth. Diatoms lived in such abun¬ 
dance during recent geological periods that their tests accumulated 
in thick deposits on the floors of lakes and seas. Subsequently they 
became compacted into beds of diatomaceous earth, a white pow- 
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dery material, light in weight, which is used mainly for heat insula¬ 
tion and as an abrasive. 

Phosphate rock. The original source of phosphate 
is the mineral apatite, which contains calcium, phosphorus, and 
one or two other elements. Apatite is present in all igneous rocks in 
minor amounts. Phosphorus, as phosphoric acid, is readily removed 
from apatite by weathering processes. Phosphoric acid enters the 
soil where it may replace carbon dioxide in limestone to produce 
calcium phosphate, or it may be removed by organic life. The or¬ 
ganic phosphorus may subsequently be dissolved by ground waters 
and reprecipitated in calcareous rocks as calcium phosphate in the 
same manner as phosphoric acid derived directly from the weather¬ 
ing of apatite. 

At present the principal source of phosphate in this country is in 
the states of Florida and Tennessee, where phosphatic rock occurs 
in sedimentary beds. Great reserves of phosphate in somewhat simi¬ 
lar deposits occur in the northwestern part of the United States, es¬ 
pecially in Idaho and Montana. The phosphate demand in other 
parts of the world is met by exportation from the United States, and 
by exploitation of deposits of phosphate rock in northern Africa. 

Coal. Coal may be defined as vegetal matter with 
varying amounts of mineral matter which through geological proc¬ 
esses has become so changed by loss of volatile constituents that it 
is compact and dark in color. Geologists have obtained much factual 
information through detailed examination of coal beds and associ¬ 
ated rock strata from which the steps in the coal-making process 
have been inferred. Most coal is consolidated and metamorphosed 
peat. Peat is accumulating at the present time in swamps and lakes 
scattered over the earth’s surface. However, the great coal-making 
peat swamps of the past were many times larger than those of today. 
One reason is that the continents at present have much greater relief 
than they had during most of the past. It is essential to large-scale 
peat accumulation that a region be near base level, for otherwise 
streams would bring in so much inorganic sediment that the accu¬ 
mulating organic material would be subordinated, and a carbo¬ 
naceous shale instead of a coal bed would be the eventual result. 
Plant fossils found in coal are of the fresh-water swamp type. How¬ 
ever, fauna suggestive of brackish (slightly saline) water may also 
be present. It is probable that most coal originally was peat in 
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coastal swamps, like those between barrier beaches and the mainland 
in regions of recent coastal elevation. Because many coal beds are 
overlain by marine strata, it is apparent that oscillations of sea level 
took place which caused alternation between swampy conditions and 
complete submergence. 

A rather special set of climatic conditions also was necessary in 
order to create the great peat swamps of the past. The temperature 
must have been mild, permitting the growth of plants of sub-tropical 
and tropical habitat. It was also remarkably uniform the year round. 
The humidity must have been high in order to permit prolific plant 
growth. The great coal-inaking periods were marked by a wide 
simultaneous geographic distribution of favorable climatic environ¬ 
ments, for coals belonging to these periods are found on all conti¬ 
nents and at widely varying latitudes. 

Coal geologists have evolved two theories to account for the ac¬ 
cumulation of vegetal matter. One is the in situ (in place) theory, the 
proponents of which believe that the peat of the past which eventu¬ 
ally made coal accumulated through the heaping up of the remains 
of successive generations of plants in successive layers. This process 
is going on today in large swamps such as the Dismal Swamp of Vir¬ 
ginia and North Carolina. The followers of the other concept, 
known as the transportation theory, believe that peat is an accumu¬ 
lation in lakes and lagoons of vegetal matter that has floated in and 
sunk to the bottom. Wind-blown organic material, such as spores 
and pollen, are added to this muck. Eventually the lake becomes 
shallow through the accumulation of organic debris, so that plants 
of the swamp type take root, grow, and are finally added to the rest 
of the organic material. Evidence can be found for both theories 
and it is probable that coal beds have been formed by both methods. 
Certainly the spores and pollen composing one type of coal (cannel), 
and also present in lesser amounts in the predominantly woody 
types of coal, are transported. 

The first series of chemical changes necessary to coal formation 
takes place while the plants are accumulating and fermenting in the 
swamp. The organic material becomes disintegrated, decomposed, 
and reduced. To a considerable extent these transformations are 
brought about through the activity of bacteria and other micro¬ 
organisms; as a result this step is spoken of as the biochemical stage. 

The final step in coalification is the dynamochemical stage. The 
disintegrated and “rotted” plant matter becomes buried (following 
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submergence) under scores, hundreds, and even thousands of feet 
of younger sediments. The weight of the overlying rock compacts 
the organic material and squeezes out a large share of the water. Bur¬ 
ial also raises the temperature, which speeds up the chemical proc¬ 
esses so that a part of the volatile constituents escape, and the 
percentage of fixed (non-volatile) carbon becomes correspondingly 
greater. If relatively high temperatures are reached, or if the dyna- 
mochemical processes continue for a long period of time, coals 
higher in fixed carbon result. Dynamochemical processes may be 
accelerated by horizontal pressures and increased temperatures ac¬ 
companying diastrophism (Chapter 11). Thus the anthracite coal 
in the Appalachians occurs where the mountain-building forces 
were much greater than they were in the bituminous coal belt to 
the westward. The coals occurring between Puget Sound and the 
Cascade Mountains in the State of Washington consistently increase 
in rank from west to east toward the zone of greatest diastrophic ac¬ 
tivity. 

Elevation of the coal-containing formations and erosion of the 
overlying rocks so that the coal beds lie close enough to the surface 
that they may be exploited are the final processes in the evolution 
of a commercial deposit of coal (Fig. 111). However, the same proc¬ 
esses make coal beds liable to penetration by ground waters, so the 



Fig. 111. Four thick inclined beds of coal exposed on wall of cliff in valley 
of Healy River, Alaska. By P. S. Smith. Courtesy Geological Survey, U . S. De¬ 
partment of the Interior . 
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moisture content of the coal may be increased, and undesirable min¬ 
eral compounds, such as iron sulphide, may be precipitated within 
the coal. 

Coal is classified into several ranks depending upon both physical 
properties and chemical composition. Peat is plant debris which has 
not yet reached the true coal stage. It varies from a light brown mass, 
of fibers to a dark brown or black, jelly-like substance. Lignite, or 
brown coal, is the lowest of the true coals. It splits into slabs upon 
drying. Sub-bituminous coal, or black lignite, is a slightly higher 
grade of black coal with a tendency to split irregularly. Bituminous 
coal is deep black and has a cubical or prismatic fracture. Cannel is 
a variety of bituminous coal made up of spores, pollen, and other 
exceedingly minute plant particles. It has a dull luster and a very 
homogeneous appearance because of the small size of the component 
particles. Semi-bituminous is high-grade bituminous coal, whereas 
semi-anthracite is low-grade anthracite coal. Anthracite is a hard, 
black, brittle coal. It has a very bright luster and conchoidal frac 
ture (breaks along curved surfaces). Super-anthracite coal lies be¬ 
tween anthracite and graphite, which is pure carbon. Graphite 
cannot be considered a coal because it will not burn, although some 
graphite results from extreme metamorphism of coal. 

The United States contains enough coal within 3,000 feet of the 
surface to last for about 1,500 years at the present rate of consump¬ 
tion. The leading coal-producing states are Pennsylvania and West 
Virginia. The United States ranks first among the nations; this 
country, Germany, and England together produce nearly tliree- 
fourths of the total annual coal output of the world. 

Peat and every grade of coal from lignite to anthracite are used 
for domestic heating and cooking. Various grades of bituminous 
coal are burned to make steam in ships, locomotives, and stationary 
boilers. The use of coal to make steam for the generation of elec¬ 
tricity is increasing. Coke is the hard residue obtained by heating 
coal in the absence of air. It is a much more concentrated fuel than 
coal, and is used mainly in metallurgical processes. 

PETROLEUM AND NATURAL GAS 

Although oil and gas are not ordinarily considered rocks, they 
occur'in sedimentary rocks and have an origin somewhat similar to 
that of coal. The major difference between coal and oil is in the 
migratory character of the latter. 
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Petroleum is essentially a mixture in varying proportions of dif¬ 
ferent hydrocarbons (substances composed of hydrogen and carbon). 
Beside liquid hydrocarbons there are also gaseous hydrocarbons, 
such as natural gas, and solid hydrocarbons, including paraffin and 
asphalt. Both gaseous and solid hydrocarbons may be dissolved in 
crude oil, especially where it is deeply buried in the crust and con¬ 
sequently under great pressure. 

Crude oils vary in color from light amber to black, depending 
upon their composition. A most important property of crude oil is 
its density, or “gravity.” Light oils have a relatively high gasoline 
yield and are in most instances capable of producing a higher grade 
of lubricating oil than the heavier crude oils. The heaviest oils have 
about the density of water, but the average petroleum is consider¬ 
ably lighter than water. 

Many problems concerning the occurrence of oil have not been 
solved to the satisfaction of everyone. Several theories based on an 
inorganic source of oil have been advanced, mainly by chemists. 
These theories, although readily demonstrable in the chemical lab¬ 
oratory, are very strongly opposed by geologists who have at their 
command a vast amount of information in regard to the manner in 
which oil occurs in the rocks of the earth’s crust. Geologists believe 
that oil was originally organic material, because it is almost invari¬ 
ably associated with sediments and is absent in igneous rocks where 
inorganic oil would be expected to occur. Bituminous rocks are 
found in the vicinity of most oil fields, and a petroleum-like fluid 
can be distilled from such rocks by a simple laboratory process. Fur¬ 
thermore, oil from organic material, both plant and animal, can be 
obtained just as readily in the chemists’ laboratory as oil from inor¬ 
ganic material. 

For many years a controversy has waged among petroleum geol¬ 
ogists as to whether oil comes from animals, plants, or perhaps from 
both types of life. The soft body parts of marine animals, such as 
fish, corals, clams, snails, and foraminifera could, if accumulation 
took place in sufficient amount, yield oil. It is true that skeletons or 
shells of these animals are very abundant in many marine forma¬ 
tions now lying at or near the earth’s surface. However, there is 
some question as to whether or not the bodies of the skeleton- or 
shell-building animals ever accumulated in volume approaching 
that of the harder parts, because sea-floor scavengers would dine on 
these carcasses. 
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It is not possible to consider land animals as having been a source 
of oil because (1) they were not abundant until relatively late in 
geologic time, (2) decay is too rapid on the surface of the land for 
the accumulation of carcasses, and (3) oil is usually in and associated 
with marine strata. 

The proponents of the plant theory for the origin of oil believe 
that the lower plants and finely divided higher plants, especially 
spores and pollen, furnished the source material for petroleum. Both 
marine and continental plants are possible sources, for the latter may 
be carried to the sea and deposited under a marine environment. 

It is possible that petroleum is derived both from marine animals, 
especially the microscopic one-celled types, and from the lower 
plants, many of which are likewise microscopic and one-celled, with 
perhaps some finely divided, higher plant material. 

Rocks containing organic materials suspected of yielding oil are 
known as source rocks. Recent and very extensive investigations 
into the probable character and environment of source rocks have 
resulted in the conclusion that the best source rocks are marine sedi¬ 
ments which were deposited fairly close to shore and which are 
either shaly (clayey) or calcareous (limestone) beds. Therefore, con¬ 
ditions are unfavorable for oil where the rocks were deposited in 
fresh water or, if marine in character, where the sediments were de¬ 
posited in deep water and far from shore. The real source beds of 
oil are probably less bituminous than oil shales, which are fresh 
water deposits. 

Next is the conversion of the organic material in the source rocks 
into petroleum. The first step in this process is biochemical, during 
which bacteria decompose the organic material and remove the oxy¬ 
gen that is present in all plants and animals but is not an essential 
constituent of petroleum. The biochemical action takes place while 
the organic material is accumulating on the sea floor. Subsequently 
the somewhat altered organic debris is covered bv a la^er of clay or 
mud. 

• Burial is followed eventually by a transformation of the solid or¬ 
ganic matter into liquid petroleum. Questions as to the details of 
this conversion are largely unanswered. From laboratory experi¬ 
mentation it is known that either unusually high temperatures or 
pressures sufficiently great to cause molecular displacement will pro¬ 
duce; transformation of solid carbonaceous matter into petroleum, 
but most oil regions show no evidence of the existence of abnormal 
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temperatures, or high rock pressures, since the oil-bearing sediments 
were deposited. Perhaps the answer to the enigma is that the trans¬ 
formation can and does take place at near-normal temperatures and 
pressures, but the process is so slow that time must be measured by 
geological standards before appreciable results are obtained. The 
laboratory technician can simulate most of the conditions which 
nature may impose upon materials in the earth’s crust, but he cannot 
simulate geologic time. A million years is not a very significant 
length of time to the geologist, but results could presumably be ob¬ 
tained in that span of time that would not be noticeable in a few 
years of laboratory operation. 

The next step in the accumulation of oil is its migration, for com¬ 
mercial quantities of petroleum are not obtained from source rocks 
because the permeability of such rocks is so slight that oil will not 
move through them into a well. Instead it migrates very slowly and 
through a long period of time from the source rock into a more 
porous formation, known as the reservoir rock . A reservoir rock 
must have an abundance of open spaces. If oil or gas are not present, 
these openings are, in most cases, filled with water. The voids or 
open spaces in rocks such as sandstone are merely the pores between 
grains of sand. The better the rock is cemented, the less space is 
available for liquids and gases. Other types of voids are cracks and 
fissures cutting through the rock, solution cavities (especially abun¬ 
dant in some limestones), and cavities formed during the weathering 
of other types of rock. 

The two essentials of a reservoir rock are that it must have enough 
voids to permit the storage of a large volume of oil and that it must 
be sufficiently thick so that a well will yield enough oil to more than 
pay for its drilling. Furthermore, the voids must be coarse enough 
to permit fairly rapid movement of the oil through the rock into 
the well. A shale may be as porous, and therefore may contain as 
much oil, as a sandstone, but the oil will move through the shale’s 
very fine pores at such a slow speed that commercial production 
will not be possible. 

The most common reservoir rocks are sandstones, with limestones 
and dolomites second. Conglomerates yield oil in a few fields. In 
rare instances, oil is obtained from a zone of weathering cavities at 
the top of ordinarily impervious igneous or metamorphic rocks. 

Reservoir rocks are not everywhere filled with oil; in fact, they 
usually contain many times more water than oil. But here and there 
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the oil may be “trapped” in a relatively small part of a reservoir 
rock, and the drilling of a well at such a place may result in the 
discovery of a new oil (or gas) field. Trapping of oil and gas is due 
mainly to movements of the earth’s crust; therefore, consideration 
of this phase will be postponed until Chapter 11, in which diastro- 
phism is discussed. 

The United States produces more crude oil than the total output 
of all the other countries. The proportion of world oil annually 
produced by the United States ranges between 60 and 70 per cent. 
The greater part of the total domestic production has come from 
three states: Texas, California, and Oklahoma. 



CHAPTER 10 


Vulcanism and Igneous Rocks 


Vulcan, in roman mythology, was the 
god o' fire. Vulcanism is the name that has been applied by geologists 
to all manifestations of heat within the earth. It includes not only 
volcanoes, which are confined to the surface of the earth, and the 
hot liquid rock which solidifies below the earth’s surface, but also 
the many by-products of this activity, including some of our greatest 
deposits of valuable minerals. 

Magmas. Igneous rocks are formed through the con¬ 
solidation (freezing) of a magma. A magma is a very hot solution of 
rock materials. When its temperature is lowered, the various dis¬ 
solved compounds separate out as solids, and these solids are miner¬ 
als. In rare instances the chilling is so sudden that no separation 
takes place, and the magma freezes into a natural rock glass such as 
the obsidian of Yellowstone Park. 

Magmas move from the interior of the earth toward the surface. 
During the upward movement the magma is cooled by contact with 
rocks of lower temperature, and, eventually, solidification takes 
place. Sometimes the magma reaches the surface before it freezes, in 
which case we call it a lava. Inasmuch as the temperatures at the 
earth’s surface are far below the temperatures at which a magma 
can remain in liquid form, most lavas solidify before they travel 
any great distance. 

Magmas vary considerably in composition. The most common mag¬ 
mas are chemically similar to the crust of the earth, consisting of 
about three-fourths oxygen and silicon and nearly one-fourth alu¬ 
minum, iron, calcium, sodium, potassium, and magnesium. From a 
chemical standpoint a magma is best described as a complex solution 
of silicates. In addition to silicates, magmas also contain a number 
of elements and compounds which are called fugitive because they 
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tend to escape while the magma is undergoing solidification. The 
most abundant of these fugitive substances is water. Other fugitives 
are chlorine, fluorine, carbon dioxide, sulphur, and a host of rarer 
elements and compounds. Many of these substances are gaseous (at 
least at magma temperatures), but these gases are dissolved within 
the magma by the pressure that exists beneath the surface. However, 
when a magma approaches the surface, the pressure diminishes and 
the gases tend to escape. A familiar analogy is soda water, which is 
water with carbon dioxide, a gas, held in solution by pressure. When 
the bottle cap is removed the pressure is released and the soda water 
bubbles, or effervesces, in the escape of the carbon dioxide. Lava at 
the surface bubbles (giving the impression of boiling) in the same 
manner. Scientists have trapped and analyzed the gases given off by 
volcanoes. 

Until a few years ago it was believed that the earth consisted of a 
thin rock shell overlying a liquid interior. According to this theory, 
a volcano occurred where a crack in the earth tapped the subcrustal 
liquid. Now we know, however, through evidence that will be dis¬ 
cussed in Chapter 12, that the interior of the earth is solid down to 
a depth of 1800 to 1900 miles. We also know that this solid rock is 
hot; in fact the earth temperatures a relatively short distance below 
the surface are so high that they would melt the rock if it were un¬ 
der atmospheric pressure only. But melting points of rocks increase 
with increase in pressure, and the pressure exerted by the weight of 
overlying rock is more than sufficient to raise the melting point 
above the rock temperature so that fusion is impossible. Howeyer, 
if the pressure is temporarily released at any point, liquefactionoOf 
the rock might take place, producing a magma. k'V : 

How igneous rocks are formed. The probable se¬ 
quence of events leading from deeply buried, highly heated, solid 
rocks to igneous rocks at or near the surface is as follows: First, 
movements of the earth’s crust, such as take place on a large scale 
when mountain-building forces are at work, cause a release of pres¬ 
sure on a body of deep-seated material. Liquefaction occurs and the 
magma moves upward. One reason for this upward movement is the 
squeezing effect of the neighboring rock where the pressure has not 
been released. A second possible reason is the tendency of the fu¬ 
gitive constituents of the magma to escape, carrying along a part of 
the magma as they do so. This process is analagous to the foaming 
of an agitated bottle of soda water or beer. The final step is the 
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solidification of the magma, forming igneous rock. As the magma 
moves upward, successively cooler temperatures are encountered 
which may cause consolidation before the surface is reached. In this 
case the magma is called an intrusion, and the resulting igneous rock 
is called intrusive rock. A magma which reaches the surface and 
flows out as a lava is called an extrusion, and the resulting igneous 
rock is called extrusive rock. 

Igneous extrusions will be discussed first in the following para¬ 
graphs because, owing to their accessibility, we know much more 
about them. This knowledge has been used in formulating our 
ideas about igneous intrusions. 

IGNEOUS EXTRUSIONS 

There are two types of igneous extrusions: (1) fissure eruptions, 
where the lava pours out of a crack in the earth’s crust, and (2) 
central eruptions, where a pipe-like conduit brings the lava to the 
surface. The latter type of extrusions produces a volcano. 

Fissure eruptions. If lava moving up a crack or fis¬ 
sure reaches the surface, it will pour forth at many points and 
inundate a large area. Since the dawn of human history many vol¬ 
canoes have been active, but there have been relatively few fissure 
eruptions. However, one series of fissure eruptions may produce as 
much lava as many volcanoes. We know of great plateaus that have 
been built up by fissure eruptions in the fairly recent geologic past. 
Some of these contain hundreds of cubic miles of lava. 

A description of a witnessed fissure eruption will give some idea 
as to what takes place. In Iceland in 1783 lava welled out of a fissure 
20 miles in length for several months. Instead of flowing out like an 
inverted fiery waterfall, most of the lava poured out from individual 
points along the fissure, and over a hundred low craters were formed. 
The lava flowed for a distance of 27 miles down a canyon-like river 
valley, completely filling it and overflowing onto adjacent fields. 
Tributary streams were dammed by the lava so that the water backed 
up and flooded many villages. A second lava torrent flowed 28 miles 
in a different direction. Lyell, famous British geologist (1797-1875), 
has the following to say about the destructive effect of this fissure 
eruption: 

Although the population of Iceland was very much scattered, and 
did not exceed fifty thousand, no less than twenty villages were 
destroyed, besides those inundated by water; and more than nine 
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thousand human beings perished, together with an immense num¬ 
ber of cattle, partly by the depredations of the lava, partly by the 
noxious vapours which impregnated the air, and, in part, by the 
famine caused by showers of ashes throughout the island, and the 
desertion of the coasts by the fish. 1 

The Columbia River plateau of eastern Washington, eastern 
Oregon, northeastern California, and southern Idaho is a mass of 
lava covering thousands of square miles and in places over a mile 
in thickness. The eruptions producing this plateau took place in 
fairly recent geologic time, but before the advent of man. Where 
the Columbia and Snake rivers have carved their valleys into the 
plateau, many vertical and steeply dipping dikes (lava-filled cracks) 
are exposed. These may have been the “feeders” which supplied the 
lava to the surface. The Columbia River plateau is built up of 
many separate flows. A sufficiently long period of time elapsed be¬ 
tween some of the eruptions to permit shallow lakes to form on the 
lava surface in which sediment was deposited and various types of 
plants grew. Recent erosion has exposed some of these lake beds 
with their remains of plant life, including petrified wood. 

The Deccan Plateau of India was likewise formed through a great 
series of fissure eruptions. 

Volcanoes. Earthquakes and volcanoes are two geo¬ 
logical processes that are catastrophic in their behavior. A river takes 
many centuries to carve out its valley, but an active volcano in a few 
minutes or less can blow its cone, which may be a large mountain, 
to pieces. 

Volcanoes are to be iound in many parts of the world, but the 
greatest number border the Pacific Ocean. Starting at the southern 
tip of South America, a line of volcanoes extends north along the 
western edge of South and North America. The volcano zone bends 
southwestward in Alaska, following the Alaskan Peninsula and its 
continuation, the Aleutian Islands, to Asia. The Aleutian Islands 
are volcanoes whose summits rise above sea level. The Asiatic vol¬ 
canoes extend from Kamchatka, bordering the North Pacific, 
through the many islands in the Japanese chain, to the Dutch East 
Iiidies. 

Many of the volcanoes which surround the Pacific are dead, some 
are merely dormant, and a few are active. One can never be positive 
whether a volcano is dormant or dead. If the volcano has been inac 

l Lyell, Sir Charles, principles of Geology, 11th ed., Vol. 2, 1889, p. 51. 
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tive for such a time that erosion has in part destroyed the cone, it 
may be assumed to be dead. However, even then one cannot be posi¬ 
tive, as some of our most destructive eruptions have been caused by 
the awakening of supposedly dead volcanoes. Among the most fa¬ 
mous volcanoes today are Etna, on the Island of Sicily, Mont Pelee, 
on the Island of Martinique in the West Indies, Lassen in Califor¬ 
nia, the new Paricutfn in Mexico (Fig. 112) and Kilaeua in Hawaii. 
The Hawaiian Islands are a row of volcanic cones which rise suffi¬ 
ciently high above the sea floor to make islands. 

Some of our most beautiful mountains are extinct volcanoes. 
Many stand apart from the main mountain ranges and rise to ma¬ 
jestic heights in solitary grandeur. Examples of this are Shasta in 
California, Hood in Oregon, and Rainier in Washington. Some 
volcanoes, such as Mount Fujiyama in Japan, are famous for their 
nearly perfect conical symmetry. The top of a volcanic cone has, 
until destroyed by erosion, a crater, a circular depression with its 
lowest point at the “throat” of the volcano. 

Explosive volcanoes. Volcanoes can be classified in 



Fig. 112. El Paricutfn, 200 miles west of Mexico City, from the air on July 
SI, 1945. By W. F. Foshag. 
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three types: explosive volcanoes, quiet volcanoes, and volcanoes 
which alternate in character of eruption between explosive and 
quiet. Three kinds of material are ejected by an explosive volcano. 
These are gas, volcanic ash, and fragmental rock (Fig. 113). The 
gas consists of water vapor, compounds of sulphur, and various other 
elements. A few volcanoes have erupted a gas which caused the 
death of people breathing it, but as a general rule volcanic gas, al¬ 
though not exactly pleasant to smell and decidedly injurious to 
vegetation, does not have a fatal effect upon human beings. Volcanic 



■ > r . 


1 IS* Eruption of Mt. Mayon, northern Luzon, Philippine Islands. An 
explosive volcano, with cone built of fragmental material. Courtesy Keystone 
View Company* 
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ash consists either of very fine particles of natural rock glass formed 
by the sudden chilling of fine drops of lava thrown into the air 
during the eruption, or, in the case of very violent explosions, of 
small particles of the volcanic cone itself which was torn asunder 
by the mighty force of the explosion. In either case the ash is so fine 
that some of it may be carried many miles by the wind, as described 
in Chapter 3, before falling to the earth’s surface. But the greater 
part of the ash falls in the immediate vicinity of the volcano, some¬ 
times to a sufficient extent to bury villages and suffocate the inhab¬ 
itants who fail to make their escape. The fragmental rocks vary 
greatly in size and shape. The smallest fragments are called “cin¬ 
ders.” Some of the larger pieces are spherical or pear-shaped and 
are known as “bombs”; others are irregular in shape. Most of the 
fragmental material is black, but pumice is light in color. It is a 
rock glass, like volcanic ash, and is so full of holes formed by escap¬ 
ing gas that some specimens will float on water. The fragmental 
rocks are too heavy to be carried by the wind, so they travel no far¬ 
ther than the force of the explosion will take them. Most of this 
material falls on the flanks of the volcano, and each explosion builds 
it up to a greater size. Volcanic cones built of ash and fragmental 
rock are known as cinder cones . 

Cinder cones are readily distinguished even at a distance from 
lava cones. The fragmental material that is ejected piles up into a 
cone with fairly steep flanks, whereas lava, being a liquid, flows out¬ 
ward from the crater for some distance before solidifying, and forms 
a cone which has a diameter many times its height. All of our vol¬ 
canic peaks of great height and spectacular appearance, such as 
Fujiyama, Rainier, and Shasta, are cinder cones or combinations of 
cinder and lava cones. 

Probably the best way to learn about volcanic phenomena other 
than actually seeing an eruption is to read the accounts of eye¬ 
witnesses. The first well-described volcanic eruption was that of 
Vesuvius in 79 a. d. Pliny the Younger witnessed this eruption and 
the letters which he wrote to a friend describing the scenes which 
took place and the tragic death of his uncle, Pliny the Elder, have 
been preserved. 

On the 24 th of August, the younger Pliny, with his mother and 
the elder Pliny, observed a cloud of unusual appearance and size 
rising from one of the hills which they later determined to be 
Vesuvius. In describing this cloud Pliny says, “It imitated the lofty 
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trunk and the spreading branches of a pine, for either the smoke 
had been swept rapidly upward by a recent breeze and was then left 
hanging unsupported or else it spread out gradually by its own 
weight and grew thinner. It changed color, sometimes looking white 
and sometimes, when it carried up earth or ashes, dirty and streaked.” 
Soon after the cloud was first observed, ashes began to fall on 
the war vessels commanded by Pliny the Elder. Also there began to 
break out from Vesuvius high- and wide-shooting flames, the bril¬ 
liancy of which was heightened by the darkness of approaching 
night. Pliny the Elder went ashore and took refuge in a house 
which tottered with frequent and heavy shocks of earthquakes. 
There he and his friends spent the night, but because of the great 
quantities of ash in the air, the next morning found the vicinity 
still plunged in darkness. In spite of the dangers of falling pumice 
stones outdoors, Pliny and his companions decided to leave the 
house and see if the sea would allow them to embark, but the con¬ 
stant earthquakes made the waves run dangerously high. Pliny lay 
down on a rug, and many hours later, when light finally penetrated 
the atmosphere, his body was discovered. He had been suffocated by 
the vapors. Meanwhile the younger Pliny and his mother had taken 
refuge across the bay where they joined the terror-stricken populace 
as it retreated before the advancing clouds of ash-laden atmosphere. 
The nearby town of Pompeii was completely buried by the fall of 
ash, and the citizens of those towns who failed to escape were suffo¬ 
cated like the older Pliny and subsequently entombed by the long- 
continued fall of ash. 

Great as this eruption was, it was surpassed but a few decades ago 
by the outbreak of Krakatoa. Krakatoa is a small island lying be¬ 
tween the greater islands of Java and Sumatra in the South Pacific. 
When the volcano composing this island erupted in 1883, it made 
what is undoubtedly the world’s greatest explosion in historic time. 
In two days about one-half of the island either blew away or col 
lapsed into an underlying void, so that now the sea is 1,000 feet deep 
where the central part of a mountain formerly stood. Ash was thrown 
to a height of 17 miles and was carried completely around the world, 
causing for many months brilliant sunrises and sunsets on all con¬ 
tinents. Ships 1,600 miles distant were covered with dust three days 
after the eruption. The noise of the explosion was heard 2,000 miles 
away; In other words, if a similar eruption were to take place today 
at the Panama Canal, the noise could be heard in New York City. 
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It would take the sound over two hours and a half to cover that dis¬ 
tance. The island of Krakatoa was uninhabited at the time of the 
eruption, so no lives were lost directly, but the shock produced 
waves from fifty to eighty feet high which swept the adjacent shores, 
wiping out over a thousand villages and drowning about 35,000 
people. These waves were so strong that a large vessel was carried a 
mile and a half inland and left stranded there at an elevation of 
thirty feet above sea level. 

A most terrible disaster took place in 1902 on the French island 
of Martinique in the West Indies. The volcano of Mont Pel£e, 
which had been mildly active for some days, suddenly belched forth 
a great cloud of gaseous vapor which was so hot as to be incandes¬ 
cent. The gas was heavier than the air, so it ran as a great devastat¬ 
ing torrent down one (lank of the volcano through the city of St. 
Pierre, at that time the leading seaport on the island, and out to sea. 
The city was at once destroyed. Those inhabitants that were not 
burned to death were suffocated by the vapors. Even the ships an¬ 
chored in the harbor were not safe. All but one vessel was destroyed, 
and everyone on board perished. The loss of life which took place 
in but a few seconds time has been estimated at 40,000. 

A more violent but less disastrous explosion was the eruption of 
Katmai, a volcano on the Alaskan peninsula, in 1912. This erup¬ 
tion took place in a region that was very thinly populated. The 
nearest settlement of any size was on the island of Kodiak, about 
100 miles distant. The people living on this island were in total 
darkness for sixty hours, and the fall of ash was great enough to 
collapse some of the roofs. The sound of this explosion carried about 
750 miles. Large amounts of sulphurous vapors were also expelled 
into the air during the eruption, and subsequent rains falling on 
the North Pacific coast became so acidic that clothes hanging out¬ 
doors were destroyed. 

“Quiet” volcanoes. Much less spectacular but a little 
more pleasant to have as a neighbor is the quiet type of volcano. 
Such a volcano produces lava and gas, but little or no ash and frag¬ 
mental material. As stated before, the cone produced by a quiet vol¬ 
cano has very gentle slopes. It is built up through the solidification 
of successive outpourings of lava. Crater rims are never exactly level, 
unlike the top of a bowl, so the lava does not pour out as water boils 
out of a pan on the stove. Instead the lava escapes through the low¬ 
est point in the crater rim and flows down one side of the volcano 



260 


Geologic Processes 

in a tongue-shaped torrent. When the flow solidifies it partially fills 
the notch in the crater rim, so that the next flow may have to find 
another avenue of escape. In this way successive lava flows shift 
around the volcano and tend to build it up symmetrically. As a mat¬ 
ter of fact, in a great many volcanoes only a relatively small amount 
of the lava flows out from the crater; the remainder breaks through 
the cone at lower elevations and flows down the flanks as though 
from a spring, sometimes flowing some distance beyond the base of 
the cone (Fig. 114). The lava as it emerges is filled with dissolved 
gas, which, through the release of pressure, escapes with considerable 
violence, and whips the surface of the lava into a froth. In many in¬ 
stances solidification is so rapid that the frothy surface of the lava 
congeals in that condition. Such lava is called vesicular or scoria - 
ceous. Movement of the still-liquid underlying lava may cause the 
“jamming* of the solidified surface of the flow (Fig. 115). 

Perhaps our best known examples of the quiet type of volcano 
are Mauna Loa and Kilauea in the Hawaiian Islands. The United 
States Government has maintained a volcano observatory on the 



Fig. 114, Tongue of congealed lava extending down valley. Near Grants, 
New Mexico. By permission of Fairchild Aerial Surveys, Inc., L. A . 
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rim of Kilauea for a number of years. These volcanoes end a period 
of dormancy with a number of mild explosions which take place in 
the crater and which cause local earthquakes. The explosions are 
accompanied by occasional overflow of lava. Other bodies of lava 
break through the cone and flow down the gentle flanks toward the 
sea. Sometimes the lava reaches the island coast before solidifying 
and drops over the wave-cut cliffs into the ocean. One very interest¬ 
ing phenomenon of these flows is the formation of tunnels within 
the lava. A tongue of lava cools and solidifies first on its bottom and 
top surfaces, where it is in contact with cooler rock and with the 
air. Where the slope is sufficient, the still-liquid lava in the core of 
the flow may drain on out, leaving a tunnel. 

2 Volcanoes do not pour their rivers of lava down the luckless 
countryside in a ciear hell-broth that runs like water over Niagara 
to waste forests and plantations with flame. “No thin broth, but a 
very thick porridge/* was the simile used by Dr. T. A. Jaggar, vol¬ 
canologist who lives in a house on the edge of Kilauea's crater. Rivers 
of lava do not run; they creep. A mile a day was the speed of the 
lava flow that threatened the town of Hilo some time ago and had 
to be stopped by airplane bombs. 

The forward creep of one of these streams of thick lava is an im¬ 
pressive and very strange thing to watch. As it [the lava] is extruded 
from the volcano—usually from a crack on its side rather than from 
the crater—it oozes forth in one big stream. This breaks up into a 
large number of smaller streams that flow in close ranks side by side, 
like a hank of rope. This ropy type of lava is called by a name that 
originated in Hawaii, pahoehoe [Fig. 116]. As each streamlet of the 
pahoehoe pushes itself forward, it roofs itself over with a thick, solid 
crust, so that the entire stream comes to flow in a tunnel of its own 
making. Even the forward end of the lava is covered with a thin 
crust or membrane, which it constantly breaks through and as con¬ 
stantly re-forms. The moving tip of a pahoehoe streamlet Dr. Jaggar 
likened to an elephant's toe. 

Dr. Jaggar stated that the stopping of the recent flow that menaced 
Hilo was not a military man's idea, nor yet his own inspiration. At 
first the proposal was to pack a lot of dynamite to the critical point 
on muleback, but a planter pointed out that bombing planes could 
not only find the lava tunnels much more easily in the dense forest 
but could attack them more effectively when found. Neither was the 
bombing attack conducted against the moving front of the lava, 
columns. That would not have stopped them. In true modern air- 
warfare style, the planes struck at the base of operations—the heads 
of the lava streams just as they emerged from the slope of Mauna 


2 Thone, Frank, “The Flow of Lava,” Science (Supplement) , May 6, 1938, p. 12. 



Fig. 115. Lava flow surface near Carrizozo, New Mexico. By N. H . Darton. 
Courtesy Geological Survey, U. S. Department of the Interior . 


Fig. 116. Ropy or pahoehoe lava in congealed lava lake of Halamaumau, 
Hawaii. Hammer in center gives scale. Photo by H, T . Stearns, Geological Sur¬ 
vey, U . S. Department of the Interior. 
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Loa. With 600-pound bombs of TNT they blasted in the roofs of 
the tunnels. This permitted the escape of the gases that were the 
principal source of heat for the lava. With their power supply thus 
cut off the streams were stopped at their source. 

Alternating type of volcano. The alternating type of 
volcano produces gas and both lava and fragmental material (Fig. 
117). A period of quiescence is followed by a violent explosion, 
which produces the same type of material that is characteristic of 
cinder cones. As the explosive violence dies down, more and more 
lava is ejected. Eventually the lava flows cease and another period 
of quiescence follows. This cycle has been repeated a great many 
times in some volcanoes. 

Mount Mazama in Oregon is a good example of the alternating 
type of volcano, although toward the end of its eruptive history it 
passed through some unusual chapters. This mountain was origi¬ 
nally built up by a long series of alternating explosive and lava flow 
phases. According to one theory, the great amount of material, both 
fragmental and liquid, that was ejected from the volcano left an 



Fig. 117. Volcano erupting lava through dike to flank and belching fine 
ejectmenta in great “smoke” cloud from throat of crater. Ordinarily the explo¬ 
sive phase alternates with the lava eruption phase instead of occurring concur* 
rcntly. By John Jesse Hayes . 





Fig. 118. Crater Lake, Oregon, with Wizard Island, a cinder cone built upon the crater floor, rising above water level. Crater 
Lake National Park, Oregon. Photo by George A. Grant. C&rirtesy National Park Service. 
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underlying void which was not refilled from deeper magma reser¬ 
voirs, so that the entire summit of Mount Mazama collapsed and a 
gigantic crater was created. A second theory explains the enormous 
crater as due to a great explosion that blew off the top of Mount Ma¬ 
zama. The collapse or explosion was followed by a relatively feeble 
renewal of volcanic activity and several small cinder cones were 
formed on the floor of the large crater. Subsequently this depression 
has become partly filled with water, making the very beautiful 
Crater Lake, one of the most interesting, from a geological stand¬ 
point, of the national parks (Fig. 118). One of the cinder cones built 
upon the floor of Crater Lake rises above the water level (Wizard 
Island). Alternating beds of lava and fragmental material are beau¬ 
tifully exposed about the walls of the crater between the water’s 
edge and the rim. 

Eruptive sequence. The following paragraphs give in 
chronological order the typical volcanic stages: 

(1) Lava breaks through the earth’s crust to the surface. Volca¬ 
noes occur along belts of crustal weakness, such as along the bound¬ 
ary between the relatively high continental masses and the deep 
ocean basins. Apparently there are also belts of crustal instability 
beneath the ocean floor, as evidenced by the Hawaiian and other 
groups of volcanic islands. The lava may reach the surface either 
through fissures (fissure flows) or through circular vents (volcanoes). 
As far as volume of lava is concerned the fissure eruptions are much 
the more important. However, volcanoes are more prominent topo¬ 
graphic features, and have been more active in historic time than 
the fissure eruptions. 

(2) The cone is built. A central eruption produces a number of 
products, including gas, volcanic ash, fragmental material, and lava. 
The cone is built from either ash and fragmental material, or lava, 
or both. 

(3) There follows a period of dormancy. The lava in the conduit 
congeals and acts as a cork, effectively preventing further volcanic 
activity until sufficient pressure is built up beneath the “cork” to 
blow it out. 

(4) Activity is renewed. Usually the first sign of the end of a period 
of quiescence is the occurrence of a number of local earthquakes. 
The cork may be melted away, in which case the renewed activity 
will be mild in nature. Gas will be blown into the air, and lava may 
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either flow out over the crater rim or through the side of the vol¬ 
cano and down its slope. 

In some instances the renewal of activity is marked by a violent 
explosion. The entire top of the volcano may be blown away, as 
was the case at Krakatoa and Katmai. Both coarse fragmental ma¬ 
terial and volcanic ash are blown into the air in great abundance. 
There may or may not be lava flows accompanying this type of erup¬ 
tion. 

(5) New cones may be formed. In certain instances renewal of 
activity has been accompanied by the building of a new cone or 
cones on the remnants of the old. Vesuvius is a relatively new vol¬ 
cano built upon the remnants of a very much older one. The volca¬ 
noes on the floor of Crater Lake belong in this stage of the sequence. 

(6) The volcano expires. This stage may be marked by post- 
igneous activity. Fumaroles (gas vents), hot springs, and geysers may 
exist for a relatively short period of time. The fumaroles form min¬ 
erals by gaseous sublimation on the crater walls; the hot springs and 
geysers deposit about the vent mineral matter which was in solution. 

(7) Erosion begins. The cones of volcanoes are subject to the 
same attack by the atmosphere and running water as are other rocks 
exposed at the earth’s surface (Fig. 119). In time these agents of 
erosion will completely destroy a volcano, leaving only a neck of 
igneous rock to mark the site. 

Volcanic islands. Volcanism beneath the sea has pro¬ 
duced cones which in many places rise above the surface of the 
water. Such volcanic islands occur mainly, but not exclusively, in 
the Pacific. The Hawaiian Islands are a group of volcanoes which 
start upward from the ocean floor 15,000 to 18,000 feet below the 
water’s surface. The highest of these volcanoes, Mauna Kea, is one 
of the great mountains of the world, with a total height of approxi¬ 
mately 32,000 feet, of which nearly 14,000 feet is above water. 

Mineral deposits. Minerals occurring in volcanic fu- 
marolic sublimates are of more scientific interest than practical im¬ 
portance. There is no opportunity for mineral deposition during 
die. explosive stage of a volcano, but as activity decreases in violence 
the escaping fumes may come into contact with the walls of the 
.'crater and there deposit various compounds. Metallic minerals do 
not occur in commercial quantities in such environments. However, 
$ome of the volcanoes of Mexico and South America (especially 
Chile) have yielded commercial supplies of sulphur. Such non- 
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metallic compounds as nitrates, borates, and various salts may occur 
in this environment. 

Volcanoes and man. Although previous pages of this 
chapter have contained descriptions of some of the devastating ef¬ 
fects of volcanic eruptions, volcanism actually benefits mankind. 
Volcanic soils are noted for their fertility; the lush vegetation of 
such volcanic regions as the Hawaiian Islands, western Guatemala, 
and El Salvador testify to this fact. Furthermore, soils in areas of in¬ 
termittent volcanism are subject to periodic rejuvenation. Crops 
being grown on the flanks of a dormant volcano may be destroyed 
by a new eruption, but the finer ejectmenta blown over the sur¬ 
rounding countryside enrich the soil. The mere height of the vol¬ 
canic cones, especially in the tropics, benefits the people, for the 
higher altitudes supply different climatic zones in which a wide 
diversity of agricultural products can be raised. The superior char¬ 
acter of volcanic regions, from a land-use standpoint, is shown by 
by the island of Java with its 32 active volcanoes. The population 



Fig. 119. Cinder cone undergoing attack by agents of erosion. Intermittent 
stream at lower left has cut through cinder flank, almost completely severing 
part of cone from remainder. Black Butte, Lower California, 25 miles south of 
Mexicali. By permission Spence Air Photos . 
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density of Java is over 850 people per square mile, the highest in the 
world, and it is based upon an agricultural economy. 3 

At least one instance of successful prevention of hitherto destruc¬ 
tive volcanic activity (in addition to the bombing method previ¬ 
ously described) is on record: 

The type of mud flow to which attention will now be directed is 
characteristic of the volcanic activity at the Kloet in Java. Consid¬ 
erable fumarolic activity is present in this volcano, as shown by the 
roiling of the water in its crater lake. In 1919 an explosion of 
frightful intensity carried over the rim of the crater a large portion 
of the water which flowed down the channels on the outer slope. 
The resulting mud flow rapidly engulfed a large area and killed 
over 5000 people. The Dutch authorities have now pierced the vol¬ 
canic edifice with a tunnel and maintain the lake quite low so that 
the subsequent and expected eruption will carry only a relatively 
small amount of water over the top of the crater. 4 

Regions of current and recent volcanism are of such interest that 
they are visited by thousands of people annually. The United States 
government, for example, has set aside several volcanic areas, such 
as Mauna Loa and vicinity in Hawaii, Mount Lassen in California, 
Crater Lake in Oregon, Mount Capulin in New Mexico, and the 
Craters of the Moon in Idaho, as national parks or monuments be¬ 
cause of their educational and recreational values. 

IGNEOUS INTRUSIONS 

Extrusions of magma have been witnessed, but it is obviously im¬ 
possible to witness an intrusion. The rock which lies between the 
top of the intrusion and the surface is known as the cover. This 
cover may be several miles in thickness, or it may, in extreme cases, 
be but a few feet thick. Intrusive rocks are not exposed until the 
forces of erosion (rock decay, wind, running water, and ice) have 
stripped off the cover. Of course, by the time the cover has been re¬ 
moved the magma has been solid for a long, long time. There' are 
without doubt many igneous intrusions which have not yfet been' ex¬ 
posed by erosion, and in all probability some intrusions have been 
completely removed by, deep erosion. To the geologist the earth’s 
surface is not stable; it is constantly undergoing change, an$l the 

8 Zies, E. G., “Volcanoes and Human Geography": Pan-American Institute of Geog¬ 
raphy and History, Proc. Second General Assembly, Part III, Washington, 1935, pp. 
i 32ft-S56. 

4 Zies, E. G., “Surface manifestations of volcanic activity." Amer#Geophvsical Union, 
Tram. 19th Ann. Mtg. Pt. 1, August, 193S, pp. 10-23. f 
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rocks which are exposed at one time differ from those exposed at 
another. 

The cover which separates the igneous intrusion from the surface 
acts as a blanket so that the magma cools more slowly than does lava 
at the surface. The length of time which it takes a magma to crystal¬ 
lize has a decided effect upon the size of the crystals or texture of the 
resultant igneous rock. Slow cooling, such as takes place in large 
igneous intrusions, permits the formation of mineral grains of visible 
size. Extruded magma cools so rapidly that the lava either solidifies 
as a glass or forms a rock composed of mineral grains of microscopic 
size. Of course a very thin intrusion may be chilled by the country 
(pre-existent) rock to such an extent that it assumes fine-grained 
texture similar to that of an extrusive rock. 

Batholiths. The largest of the igneous intrusions are 
known as batholiths . Some are several hundreds of miles in length. 
Batholiths are so large that they are never sufficiently exposed to per¬ 
mit measurement of all three dimensions. In consequence there is 
some doubt as to their true shape. We know that most batholiths are 
much longer than they are wide and that many of them extend down 
to unknown depths. The typical batholith appears to enlarge down¬ 
ward, so that the deeper it has been exposed by erosion the greater 
will be its width and length. The upper surface is uneven, contain¬ 
ing protuberances which are known as cupolas and depressions con¬ 
taining roof pendants of country rock (Fig. 120). 

The Front Range of the Colorado Rockies contains a series of 
elongate north-south batholiths. Among these is the Pike's Peak 
batholith, a mass of granitic rock which includes not only Pike's Peak 
but also the surrounding mountainous area. A large batholith oc¬ 
curs in the Butte district of Montana, and another underlies most 
of central Idaho. The Sierra Nevada and Cascade ranges contain a 
large number of batholiths. New England and the southern Appa¬ 
lachians also have this same type of igneous intrusion. In fact, 
practically all granite occurs within a batholith. 

You may wonder what happens to the rock that is in the way of 
an upward moving batholithic magma. Geologists differ on this 
point. Some believe that the batholithic magma as it moves upward 
pushes up and to one side the pre-existent rocks which are in its 
way, compressing and crumpling them at the same time. One some¬ 
times finds that the country rock adjacent to batholiths is severely 
compressed and folded, but it is not always easy to prove that the 
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force of the batholithic intrusion was responsible. Other geologists 
believe that the very hot magma moves upward by engulfing and 
subsequently dissolving large quantities of the rock in its path. The 
presence of partially dissolved fragments of roof rock within granite 
batholiths is cited to support this theory. 

Contact metamorphism . As a magma cools, the vari¬ 
ous silicates which are dissolved within it crystallize until eventually 
the batholith becomes a solid mass of rock. The water and other 
fugitive elements which were present in the original magma do not 
appear in any abundance as components of the minerals produced by 
the crystallization, but escape from the magma during consolidation. 
Some enter the wall rock, causing metamorphism of that rock. Meta¬ 
morphism means literally ‘‘change of form.” Where caused by a 
magma it is called contact metamorphism, because the changes take 
place adjacent to the contact between the magma and the country 
rock. One result of contact metamorphism is the formation of new 



Fig. 120. Batholith intruded into sedimentary rock crust. After magma 
cooled and solidified, erosion stripped off most of the original cover. Roof 
pendant in center, cupola to right. Dike on left continues as dike through sedi¬ 
mentary layers, whereas dike on right becomes sill in sediments. Xenolithic 
fragments around borders. The area pictured is approximately 20 miles wide. 
By John Jesse Hayes , 
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minerals in the country rock through the deposition of fugitive 
materials. New minerals are also formed through the combination 
of fugitive elements with elements and compounds already present. 
A third effect is a mere recrystallization of the minerals already 
present in the country rock. Practically all igneous intrusions are 
surrounded by a zone of altered rock. Around a small shallow intru¬ 
sive body, this contact metamorphic zone may be only a fraction of 
an inch thick; adjacent to a large deeply buried batholith it may 
exceed a half mile. 

In some instances the fugitives, along with a considerable amount 
of not yet solidified magma, consolidate into separate irregular¬ 
shaped mineral deposits known as pegmatites. Pegmatites are famous 



Fig. 121. Vertical dikes cutting near-horizontal 
sandstone layers. Alamillo Creek, New Mexico. By 
N. H. Darton. Courtesy Geological Survey, U. S, 
Department of the Interior . 
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for the great variety of rare minerals and the large crystals which 
they may contain. 

Another possible course which the fugitive elements may follow 
is to escape surfaceward through cracks in the earth's crust. In this 
case the fugitive material consists mostly of water and is called a 
hydrothermal (hot water) solution . As these solutions move upward 
they encounter lower temperatures and various minerals precipitate, 
forming a hydrothermal vein. 

Other types of intrusion. A stock is an igneous intrusion 
similar to a batholith, but smaller. Some of the igneous rock bodies 
which are called stocks may be cupolas of batholiths, and when ero¬ 
sion has removed the balance of the cover the entire surface of the 
batholith may become exposed. 

A dike is a wall-like body of igneous rock (Fig. 121). It has a 
definite thickness, from a fraction of an inch to over a mile in ex¬ 
ceptional cases. The length of a dike is much greater than its thick¬ 
ness (one dike is over a hundred miles in length). The third dimen¬ 
sion, its depth, is usually unknown. Dikes may occupy any position 
between vertical and horizontal. Vertical and steeply dipping dikes, 
where hardier than the surrounding rock, make prominent ridges at 
the surface .[Dikes of this type radiate from the Spanish Peaks in Colo- 



Fig* 122. Igneous sill, Drumadoon, Island of Arran, located in Firth of 
Clyde, Scotland. Overlying rock beneath which sill was intruded has been re¬ 
moved by erosion; underlying conformable sediments visible at left. Columnar 
jointing of igneous rock, is characteristic. Courtesy Geological Survey and 
Museum, London. 
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rado (Fig. 39). In some localities the dike rock is softer than the 
intruded rock, in which case it will erode faster and produce a 
trench. The only qualification other than shape which a dike must 
meet is that where it intrudes layered rock it must cut across the 
layers. A flat body of igneous rock that is intruded between layers 
or bands is called a sill (Fig 122). Sills likewise may occupy any posi¬ 
tion between horizontal and vertical, depending entirely upon the 
dip of the layered rock. Most sills are but a few feet in thickness, but 
in exceptional instances they exceed a thousand feet. 

An igneous intrusion that lies between rock layers, but which 
has a mushroom shape so that the overlying layers are arched, is 
called a laccolith (Fig. 123). The Henry Mountains of southern Utah 
contain laccoliths that have been uncovered by erosion. Several 
dome like occurrences of stratified (layered) rock in the Black Hills 
of South Dakota are thought to be underlain by laccolithic intru¬ 
sions. 

The lava which builds a volcano comes up through the earth's 



Fig., 123. Stock and laccolith. The arching of the overlying strata is charac¬ 
teristic of the laccolith. The drawing covers an area approximately 5 miles wide. 
By John Jesse Hayes . 
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crust in a pipe-like conduit known as a volcanic neck or plug (Figs. 
124 and 125). When the volcanic activity ceases the magma filling 
the neck solidifies. Although it was on its way to become extrusive 
rock this igneous material is intrusive in its relationship to the sur¬ 
rounding rock. Erosion may subsequently destroy the entire cone, 
but the rock within the neck extends downward to unknown depths 
as evidence of a former period of volcanism. 

Mineral deposits. According to modern geologic 
thought, the source of all matter, including the atmosphere sur- 



Fig. 124. The Rock and Spindle, 

St. Andrews, Fife. Vertical mass 
(the “Rock”) is volcanic neck. 

“Spindle” or spinning wheel is 
radial mass of columnar basalt 
which apparently resulted from the 
injection of lava into cavity open¬ 
ing off volcanic chimney. Courtesy 
Geological Survey and Museum, 

* London. 

rounding the earth, the water lying upon the earth, and the rock 
composing the earth, is the magma. Naturally, therefore, the magma 
'is also considered to be the primary source of ore minerals. Evidence 
for this theory has been found by many individuals and in many 
localities. Scientists have collected and analyzed samples of the gases 
given off by volcanoes. Such gases come directly from the magma 
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and therefore give factual evidence of the composition of this liquid. 
Water vapor is the most abundant constituent of volcanic gases. 
Some, but not all, of this water may be surface and ground water 
that has filtered downward and joined the magma. Also present are 
chlorine, fluorine, gaseous oxides of carbon and sulphur, nitrogen, 
boron, and many other elements and compounds. 

Coincident with or following the great explosion that blew the 
top off Mount Katmai in Alaska in 1912, a near-by valley became 
partially filled with hot igneous rock through which steam escaped 
from a multitude of vents. This place was named the Valley of 
Ten Thousand Smokes by the first visitor. Scientists visiting the 
valley while the steam was still escaping in considerable magnitude 
found that minerals, some of which contained metals, were being 
formed around the vents of these “blow-outs” or fumaroles. This is 
direct evidence of the presence of metallic elements in magma. In 
addition, analyses of igneous rocks show the presence of metals. 
In most instances the metallic minerals are in very small, but widely 
distributed, grains. A microscopic examination of many rocks will 



Fig. 125. Eroded volcanic neck with radial igneous dike. Ship Rock, New 
Mexico. By permission Spence Air Photos. 
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reveal the presence of iron as the sulphide, pyrite, or as the oxide, 
magnetite. Granite in a few localities, especially in South Africa, 
contain scattered crystals of tin ore. Pegmatites, which are formed 
from concentrated residual magmatic “juices,” may contain ores of 
tin and tungsten and, in noncommercial amounts, many other me¬ 
tallic minerals including even gold. 

Finally, there is the close relationship found in most districts 
between igneous rocks and ore deposits. Ore deposits do exist in 
regions where no igneous rocks are exposed, but such occurrences 
are exceptional. Most of the mining of primary ore minerals takes 
place in regions of large-scale igneous activity. 

It is not meant to be implied that all ore deposits as at present 
constituted are of immediate igneous origin. Many great ore bodies, 
including most of the commercial iron deposits, are secondary, the 
metals originally deposited through igneous activity having under¬ 
gone subsequent transformations through the geologic processes 
which take place at and near the earth’s surface. 

CLASSIFICATION OF INTRUSIVE IGNEOUS ORE DEPOSITS 

A. Magmatic deposits 

B. Pegmatites 

C. Hydrothermal deposits 

A varying degree of relationship with the parent magma distin¬ 
guishes each of these three groups. The first type includes ore 
deposits which are found within the source magma,' in which case 
the relationship between the two is unmistakable. The same is true 
,of the second type, for pegmatites result from the crystallization of 
special magma which are derived from larger normal magmas. How¬ 
ever, the source magmas for hydrothermal veins, the most common 
of the primary ore deposits, lie at such depths that the relationship 
between the two is one of inference rather than of direct observa¬ 
tion in most instances. 

Most economic geologists believe that the metals occurring in 
veins came from a crystallizing magma within the earth’s crust, and 
that they were carried upward either by water likewise given off by 
the crystallizing magma, or by ground water that mixed with the 
igneous emanations and picked up the metallic compounds. 

Magmatic deposits. Certain types of ores character¬ 
istically occur within sills and other igneous rock bodies. The con¬ 
taining rocks consist dominantly of dark-colored silicate minerals. 
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Certain iron, titanium, nickel, and chromium ore minerals are 
found in this environment. It was originally believed that these 
deposits were due to a process known as gravitative differentiation, 
which means that, as a magma crystallizes, the heavy minerals (which 
include the ores) sink to the bottom, and the lighter minerals rise 
to the top, so that when solidification is complete the rock exhibits 
a rude “stratification” according to the specific gravity of the com¬ 
ponent minerals. However, more detailed studies of these ore bodies 
have demonstrated that in some cases, at least, the ore minerals 
formed later than the other minerals in the rock and so could not 
have become concentrated by sinking to the bottom of a slowly 
crystallizing magma. But the association of these ore minerals with 
the enclosing rock is so general one must conclude that they are 
very closely related. 

Diamonds occur almost invariably in dark rocks composed mostly 
of the mineral olivine. The crystals, about 25 percent of which are 
of gem quality, are rather indiscriminately scattered through the 
“mother rock.” The South African diamonds occur in vertical pipes, 
circular or elliptical in outline, which range from 50 feet to one-half 
mile in diameter. These pipes are the throats or conduits of vol¬ 
canoes that have been completely removed by erosion. The rock in 
the pipe is the lava that congealed when Volcanic activity ceased. 
It is dark-colored (“blue ground”) except at and near the surface 
where weathering processes have transformed it to soft and inco¬ 
herent “yellow^gfound.” The principal discoveries in recent years 
have been of ricjh placer fields. These now yield more diamonds 
annually than do the pipes. 

s^Ore minerals are also found scattered through igneous tock bodies 
nr Ynost c^ses in .insufficient concentration to be exploitable. For 
example, certain dark-colored igneous rocks may contain scattered 
jtrains of native platinum which through erosion of the rock become 
oiff^fet^fed into workable placer deposits in the stream beds. Sul¬ 
phides? of copper, oxides of iron, and tin ore may likewise be scat 
tered through igneous rocks in non-commercial amounts. 

Pegmatites . The normal crystallization of an intru 
sive magma results in the formation of an igneotis rock such as a gran¬ 
ite. However, the minerals in the resultant rock do not use all of the 
elements present in the magma, and those that are used may not be 
removed in the same proportions that existed in the original magma. 
Consequently, deep within a crystallizing batholith will be a much 
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smaller mass of residual liquid composed not only of the dominant 
elements present in the original magma, but also of those elements 
which were originally present and which, not having been removed 
through crystallization, are relatively concentrated. This residual 
liquid is without doubt highly aqueous, because water is one of the 
“rejected” compounds. The crystallization of the very fluid, residual 
magma produces a pegmatite (see Fig. 126). Solidification may 
take place in the interior of the batholith where the residual magma 
accumulates, or fracturing of the batholith due to continued cooling 
with consequent contraction may permit the escape of the pegma¬ 
tite magma to distant points before solidification takes place. 

From a commercial standpoint, the pegamatites are more impor¬ 
tant as sources of non-metals, such as feldspar and mica, than of me¬ 
tallic minerals, However, some commercial deposits of tin and a few 
of tungsten ore occur in pegmatites. 

Hydrothermal deposits. Most primary ore deposits 
are hydrothermal in origin. Some of these are disseminations, with 
the ore minerals scattered widely through the enclosing rock. Per¬ 
haps the best examples of this are the so-called “porphyry copper” 



Fig. iSjjj. Contact between country rock (left) and pegmatite. Mica books 
abundant in border zone of pegmatite, especially above hammer. By D. B. 
Sterrett. Courtesy Geological Survey, U. S. Department of the Interior. 
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deposits, as at Bingham Canyon, Utah. There the small grains of 
copper-containing minerals are disseminated through a great hill 
of rock, all of which is being removed by mining (Fig. 127). Of more 
common occurrence are hydrothermal veins. Such well known ore 
bodies as the Mother Lode of California, the copper deposits of 
Butte and the Lake Superior region, the gold and silver ores of the 
Cordilleran belt, and the fairly recently discovered rich deposits of 
the precious metals in Ontario and Quebec fall into this classifica¬ 
tion. 

Veins have not always been considered to be of igneous origin. 
Such deposits have been mined from earliest times, and naturally 
scientists have theorized as to how the ore (valuable) and gangue 
(valueless) minerals became concentrated in veins. One of the early 
theories was that these minerals precipitated from a universal sea 
and worked their way downward into cracks and fissures which ex¬ 
tended from the sea floor into the underlying rocks for great 
distances. This somewhat naive explanation was succeeded by one 
with considerably more scientific logic behind it, the theory of 
lateral secretion. According to this theory, metals originally dis- 



Fig. 127. Open cut copper mine, Bingham Canyon, Utah. By permission 
Spence Air Photos . 





280 


Geologic Processes 

seminated throughout the rocks in the earth’s crust are picked up by 
circulating ground waters and redeposited in concentrated form in 
fissures. The lateral secretionists were not able, however, to produce 
any evidence that the rocks within any reasonable distance of the 
vein had been leached of any metallic constituents. On the contrary, 
it appears obvious that the wall rocks of many veins have been en¬ 
riched by solutions escaping outward from the fissures. 

The concept of mineral deposition by hot solutions which come 
up from deep-seated igneous intrusions was originally evolved by 
a French geologist in the middle of the last century. The theory 
gained a following in the United States and other countries early in 
the present century and since then has steadily increased in favor. 
Now there are but few primary ore deposits which are not considered 
by economic geologists to be of hydrothermal (igneous) origin. It 
is believed that toward the close of magma crystallization the resi¬ 
dual liquid consists dominantly of water, and that concentrated in 
this water is the greater part of the metalliferous content of the 
original magma. Eventually these hydrothermal solutions break 
loose and move surfaceward, taking advantage of cracks formed 
through cooling and contraction, fault fissures, and any other open¬ 
ings that may be present. As the waters move upward they enter 
zones of lower temperatures and pressures. These factors, especially, 
the former, cause precipitation of minerals, because the solubility 
of most substances decreases with decreased temperature and pres;, 
-ure. Another factor that may cause minerals to precipitate from 
ascending hydrothermal waters is the mingling of solutions, such as 
magmatic waters with' ground waters, so that chemical reactionj^ 
follow which produce insoluble compounds. Hydrothermal solutions 
may also react with minerals in the wall rock so as t<$ produce in¬ 
soluble compounds. For this reason some veins show a noticeable 
change in mineral content where they pass through different types 
of wallrock. Lessened pressure as the surface is approached permits 
the escape of gases in solution in the magmatic waters, and the loss 
of these gases diminishes the solvent power of the waters. 

' Because of the rock pressures existing at depth, the cracks through 
which hydrothermal solutions move surfaceward are extrenteiy nar¬ 
row. However, the solutions themselves are probably under s\ifficieni 
pressure to force the walls apart, thereby making room for additional 
minerals to be precipitated. Furthermore, many veins ha^e Been 
widened by a process of replacement (Fig. 128), the upward surging 
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solutions dissolving the wall rock bordering the vein and depositing 
minerals in the space thus made available. 

Other avenues of migration, besides cracks formed through cool¬ 
ing and contraction, and fissures created by faulting, are open to the 
hydrothermal solutions. Joint cracks formed by diastrophic activity 
are abundant, especially in the upper parts of the earth’s crust. 
Buried lavas may be vesicular at their upper surface, in which case 
opportunity is afforded mineralizing solutions to travel through 
the vesicles or gas bubble holes. Such channelways were utilized by 
solutions depositing native copper in the Lake Superior district. 
Both in the Lake Superior district and elsewhere solutions have 
traveled through the pores of incompletely cemented sandstones 
and conglomerates, just as ground waters migrate through those 
openings. 

A vein is a tabular body with one definite dimension, its thickness, 
and two indefinite dimensions, length and depth. Some veins are 
less than an inch in thickness, many are several feet from wall to 
wall, and a few are as much as a hundred feet, or more. The thick¬ 
ness of a vein is quite likely to vary from place to place, swelling 



Fig. 128. Gold quartz vein (white) which has emplaced itself by replacing 
the preexisting rock. Scale is 6 inches long. Homestake Mine, 3050-foot level. 
Lead, South Dakota. Courtesy Homestake Mining Company . 





282 


Geologic Processes 

and pinching noticeably, and perhaps even lensing or tapering out 
altogether. This is especially true of replacement veins, wherein the 
thickness varies with the vulnerability of the wall rock. 

Some veins are typically banded, the minerals being arranged in 
parallel fashion conformable to the vein walls. Veins may split into 
branches and in some instances the branches rejoin again. A system 
of veins roughly parallel to each other and occupying a restricted 
zone is known as a lode. 

Most veins are steeply dipping or vertical (Fig. 129). A few veins 
are traceable along the outcrop for many miles, but in most instances 
they disappear in a relatively short distance. There is likely to be 
much more persistence in depth, although the ore values may not 
continue downward consistently. 

Gangue minerals usually occur much more abundantly than ore 
minerals in veins. In some gold deposits the gold is invisible to 
the naked eye and the vein appears to be composed of gangue only. 
The commonest associates of gold are quartz and pyrite. Lead 
occurs in hydrothermal veins as the sulphide, galena. Some mines 
exploit veins containing silver-bearing galena and so produce both 



Fig. 129. Vertical vein contain¬ 
ing brecciated quartz. Empire 
Mine, Alaska. By W. D. Johnston. 
Courtesy Geological Survey, U. S. 
Department of the Interior. 
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lead and silver. Another associate of galena is sphalerite (zinc ore), 
and where both minerals are present lead, zinc, and even silver may 
be marketed. Veins cutting Keweenaw Point of Lake Superior con¬ 
tain native copper and gangue, but in most other parts of the world 
copper is combined with sulphur and perhaps iron. Other important 
veins are those containing tin and tungsten minerals. 

Iron is an exception among metals in that its ore minerals do not 
occur in commercial amounts in veins. More iron is usually present 
than gold, copper, lead, or zinc in the veins that are exploited, but 
this metal is elsewhere so abundant and consequently so cheap that 
it does not pay to extract it from the vein deposits. 

Economic geologists classify ore veins into low, intermediate, and 
high temperature types according to the characteristic assemblage of 
minerals formed under different temperature conditions. They have 
also been able to identify different zones in mineralized regions 
because of the varying character of the ore deposits at different 
distances from the source magma. This in itself is very strong evi¬ 
dence in support of the theory of the igneous origin of ore deposits. 

VARIETIES OF IGNEOUS ROCK 
Classification . Rocks of igneous origin differ from 
each other in physical character, texture, and mineral composition. 
The first two of these properties depend largely upon the environ¬ 
ment in which the magma consolidated to form igneous rock, the 
third upon the chemical composition of the magma. All igneous 
material falls naturally into three classes, which differ from each 
other in physical character. These classes are separately discussed 
in the following paragraphs. 

Unconsolidated igneous rocks . Included here in the 
fragmental material which is ejected into the air by volcanoes. Vol¬ 
canic ash, pumice, cinders, and bombs, all of which were described 
earlier in the chapter, are examples. The percentage of igneous rock 
in the earth’s crust consisting of unconsolidated material is insignifi¬ 
cant. This type is largely confined in its occurrence to the cones of 
explosive volcanoes; only the ash is ever carried any great distance 
from the volcanic vent. Pumice and volcanic ash deposits are mined, 
and the material is used for scouring and polishing purposes. 

Natural rock glass . Magmas are solutions; a sudden 
chilling prevents the precipitation of any of the dissolved compounds 
so a solid solution, or glass, is the result. Some unconsolidated ig- 
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neous rocks, such as volcanic ash and pumice, are glass, because 
of the sudden chilling of magma erupted into the air. In rare cases, 
lava poured out onto the earth’s surface has cooled so rapidly that 
it has been turned to glass. Commonest of the natural glasses is 
obsidian, a dark rock that transmits light through thin edges. Obsb 
dian occurs in a thick massive body at Obsidian Cliff, Yellowstone 
National Park. This material was prized highly by the American 
Indian; arrowheads made of Yellowstone obsidian are found in 
many places far distant from the Park. 

Solid crystalline rocks. By far the greatest number of 
igneous rocks falls into the third group, which includes all solid 
crystalline rocks, even though the individual crystals may be micro¬ 
scopic in size. Texture and mineral composition are used to sub¬ 
divide the rocks falling within this group. Lava flows and thin dikes 
and sills cool so rapidly that the crystals which form are microscopic 
in size. This texture is known as dense. Rocks which cool more 
slowly (as in batholiths) range from fine to coarse in texture. They 
contain crystals of visible size, and the mineral content of the rock 
can therefore be determined without recourse to a microscope. Some 
magmas move into a new position after crystallization has com¬ 
menced, and this change in environment may cause the not-yet- 
crystallized magma to cool rapidly so that the older and larger crys¬ 
tals become surrounded by crystals of much smaller size. Such a 
texture is called porphyritic, and the rock is referred to as a por¬ 
phyry. 

The most abundant mineral in igneous rocks is feldspar. Most of 
the light-colored igneous rocks also contain quartz. These are said 
to be acidic in composition. The dark-colored or basic 4 rocks con¬ 
tain little or no quartz; instead they consist dominantly of feldspar 
and black or dark green minerals rich in iron and magnesium such 
as augite, hornblende, and olivine. Mica, magnetite, and pyrite may 
be present in minor amounts in any of these rocks. 

A highly simplified chart is given below showing the positions of 
four varieties of igneous rock. The two most abundant types are 
in capital letters. 

It should be noted that rhyolite and granite have the same min¬ 
erals and, therefore, the same chemical composition. Obviously, then, 
a chemically similar magma produces both rocks; the type is depen- 

4 f j*hc terms “acidic” and “basic” applied to rocks refer to their relative silica con¬ 
tent and n&t to their chemical radicals. 
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Composition 

Texture 

Acidic 

Consist dominantly of 
feldspar and quartz and 
consequently are light in 
color. 

Basic 

Consist dominantly of 
feldspar and dark-colored 
minerals (such as augite, 
hornblende, and olivine). 

Dense 

Rhyolite 

BASALT 

Coarse 

GRANITE 

Gabbro 


dent solely upon the rate of cooling. Likewise the one magma 
(chemically different, however, from the granite-rhyolite magma) 
will produce either basalt or gabbro, depending upon tilt environ¬ 
ment at the time of consolidation. As a general rule, the dense rocks 
are extrusive in origin, and the coarse rocks occur in igneous intru¬ 
sions. 

Gradations occur, both vertically and horizontally, in the chart. 
Between the dense and the coarse rocks are the porphyries. A rhyo¬ 
lite porphyry consists of visible crystals set in a dense groundmass of 
invisible (microscopic) crystals; a granite porphyry contains very 
large crystals interspersed with smaller, but still visible crystals. 

Between the rhyolite-granite and the basalt-gabbro families are 
several other similar rock families. Most of these are classified as 
intermediate, because they lie between the acidic and basic rocks 
in composition. Complete gradation exists between rhyolite, the 
intermediate extrusive rocks, and basalt; and between granite, the 
intermediate intrusive rocks, and gabbro. Of minor quantitative 
importance, the intermediate rocks are of great economic signifi¬ 
cance, for the magmas that produce them also supply the hydrother¬ 
mal solutions from which veins of gold, silver, copper, and other 
metals are precipitated. Still more basic than basalt and gabbro are 
ultra-basic rocks. These occur only in coarsely crystalline intrusions; 
volcanic equivalents of the ultra-basic rocks are unknown. An ex¬ 
ample is peridotite, a dark green or black rock composed largely of 
the mineral olivine. Most of the world’s diamonds, platinum, nickel, 
and asbestos occur in or associated with peridotite. 

The commonest acidic rock is granite, which is intrusive in type, 
whereas the most abundant basic rock is basalt, a lava. This curious 
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condition is probably due to the fact that a basalt-gabbro magma 
has high liquidity, therefore its chances for penetrating through the 
crust and flowing out on the surface are much greater than they are 
for the highly viscous granite-rhyolite magma. 

Rhyolite. Rhyolite is a light-colored dense rock. Most 
or all of its crystals are of microscopic size; they interlock to form a 
very tough rock. Because rhyolites grade into rhyolite porphyries, 
visible crystals of feldspar, quartz, and mica may occur scattered 
through the rock. The greatest thickness of rhyolite flows in the 
United States is in Yellowstone Park, and the Grand Canyon of the 
Yellowstone River is cut into this rock. 

Granite. The most abundant rock in the continental 
crust of the earth is granite, which occurs mainly jn batholiths. This 
rock consists of a tight granular aggregate of visible crystals of quartz 
and feldspar, with such accessory minerals as mica or hornblende also 
present in relatively minor amounts. Granites may be white, gray, 
pink, red, or green, depending in most cases upon the color of the 
feldspar, which is the dominant mineral. Masses of granite are ex¬ 
posed in many parts of the world, especially in mountainous regions, 
and in northeastern North America and northwestern Europe. 

Granite is a very popular building stone and is so used in many 
parts of the world. Its greatest use in this country, however, is for 
monumental stone. 

Basalt. Our great lava flows, such as those forming 
the Columbia Plateau of northwestern United States, are composed 
of basalt, a dark-colored, heavy, dense rock; the ingredient crystals 
are all of microscopic size in most cases. Basalt occurring at the top 
of a lava flow may be vesicular or scoriaceous due to the escape of 
dissolved gas at the time of consolidation. Ordinarily, however, 
basalt is exceptionally tough and durable, properties which prevent 
its use as a building stone because of the expense of dressing (cut¬ 
ting and polishing) it. Basalt (usually under the name “trap rock”) 
is crushed and used for road surfacing and in concrete aggregate. 

Gabbro. Gabbro is a relatively uncommon intrusive 
igneous rock. It is as coarse as granite; the crystals of feldspar, au- 
gite, olivine, and other minerals which are preseqt but invisible 
in basalt are large enough to be recognizable in gabbro. The color, 
black or nearly so, is due to the abundance of dark-colored iron 
and magnesium minerals in the rock. 
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Diastrophism and Its Effects 


Diastrophism includes all movements 
of the earth’s crust. This geologic process has had a dominant r61e 
in making the continents habitable by mankind. For example, dias¬ 
trophism has helped to create harbors and mountains, and has made 
deposits of coal, oil, salt and other mineral products available to us. 
If crustal movements were to cease (a highly improbable concept), 
the continents would eventually be worn down to near sea level, 
after which attack by the oceans might destroy them altogether. 

Evidences of diastrophism. Physiographic evidence 
for diastrophism was given in Chapter 8, where shorelines of emer¬ 
gence and submergence were described. Other testimony for fluctu- 
, ations of sea level is also available. We know, for example, that 
certain land areas have risen since the dawn of civilization. Docks 
| on the island of Crete, which were constructed long ago by ances¬ 
tors of the present inhabitants, are now high and dry. In some places 
rocks which in former times were submerged and a menace to navi¬ 
gation now stand above the sea, even during highest tides. Many 
coral reefs, which must have been built beneath the surface of the 
water, extend well above sea level. Precise measurements made by 
Competent surveyors and repeated every few years show that changes 
have taken place in the elevation of various parts of the world. The 
Scandinavian Peninsula, for example, is rising at the rate of about 
two and one-half feet per century. 

, There is also evidence that some areas are sinking. Buildings which 
were obviously constructed near the shore, but above the reach of 
the tides, have in some instances become partially submerged. In a 
few localities roads can be seen running down to the present shore 
line and on out beneath the water. Recent encroachments of the 
sea have inundated forests. 
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Although evidence for recent crustal movements is most easily 
obtained along shorelines where the ocean surface provides a plane 
of reference, such movements are by no means confined to the edges 
of the continents. Earthquakes furnish spectacular proof that dias- 
trophism is taking place wherever such tremors occur, and no region 
of any size is immune from quakes. Neither are the evidences of 
diastrophism restricted to the recent past. We have ample proof of 
earth movements far back into the geological past. Sedimentary rocks 
which were deposited beneath the ocean surface are to be found on 
all continents and at all elevations. Diastrophism caused the eleva¬ 
tion of these sediments to their present position. Furthermore, 
more than one cycle of submergence, followed by uplift, is involved 
in almost every instance. Marine sediments may be interbedded 
with strata of continental origin. Each alternation means a submer¬ 
gence, with deposition of sediments in marine waters, followed by 
emergence and deposition of fresh-water or wind-blown materials. 
There have been countless oscillations during geologic history which 
caused huge sections of continents to alternate between a submer- 
gent and emergent condition. 

Other evidences of diastrophism include the presence of rocks 
which have been folded and faulted (broken), or which have been 
changed (metamorphosed) as a direct or indirect result of crustal 
movement. These and other results of diastrophism, such as earth¬ 
quakes and mountains, will be discussed in subsequent parts of this 
chapter. 

CAUSES OF DIASTROPHISM 

No one knows for certain why the earth’s crust moves. The ac¬ 
tion is no doubt initiated beneath the crust, where investigation of 
causes is hindered by inaccessibility. Several theories have been ad¬ 
vanced to explain diastrophism; the most acceptable of these is that 
the interior of the earth is shrinking, and movements of the crust 
are due to sporadic adjustments of this outer shell over a continu¬ 
ously contracting underlying sphere. The earth may be contracting 
due to cooling, for rock material shrinks in volume as its tempera¬ 
ture is lowered. One hypothesis of earth’s origin is that our globe was 
first a great body of gas, which cooled and contracted into a sphere 
of liquid magma. This continued to cool, and the magma gradually 
solidified, producing our planet as it now exists. The escape of fur¬ 
ther heat from the interior of the earth would be accompanied by 
shrinkage of the cooling rocks beneath the crust. 
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It is believed that the loading of a part of the earth’s crust with a 
great thickness of sediment will cause that part to sink. At the same 
time the crustal segments from the surfaces of which the sediment 
was removed will be made lighter, and will tend to rise. If this is 
true, deltas and other regions 'of concentrated deposition are nega¬ 
tive (sinking) elements in the earth’s crust, and mountains and high 
plateaus, where erosion is most active, are positive (rising) elements. 
A subcrustal flowage of rock from beneath the sinking segments to 
beneath the rising segments must also be postulated. This theory of 
isostasy (Chapter 7) has considerable evidence to support it. Isos- 
tasy can be used to explain some of the vertical movements of the 
earth’s crust. 

PROCESSES OF DIASTROPHISM 
Vertical movements . Upward and downward move¬ 
ments of parts of the earth’s crust have been the rule rather than the 
exception in the geologic past. Evidence for this has already been 
given; it includes not only the alternation of marine and continental 
strata among outcropping sedimentary rocks, but also the elevated 
or depressed character of many shore lines. These vertical move¬ 
ments were probably no more rapid than the movements taking 
place today. A sinking or rising of but two and one-half feet a cen¬ 
tury, the rate of movement on the Scandinavian Peninsula at the 
present time, would amount to nearly 5 miles in a million years, 
and past geologic time involves many millions of years. 

Large-scale vertical movements, such as those in which whole conti¬ 
nents move up or down, are caused by the sinking or rising of great 
blocks of the earth’s crust. Movement over a much smaller area may 
be produced by the intrusion of magma into the rocks of the crust, 
or by other movement of magma, as when lava is drawn from a res¬ 
ervoir in the crust and extruded upon the surface. Even the com¬ 
paction of compressible rocks, as takes place when a clay is converted 
into a shale, will be accompanied by downward movement (settling) 
of the overlying rocks. 

Vertical movements are by no means confined to simple upward 
or downward motion, for evidence of tilting is found in many places. 
Some tilting may have been caused by an uplift of the crust at one 
point and a depression at another, (as in a teeter-totter), but other 
tilting was no doubt due to different rates of uplift or downsinking 
at different points. Elevated shoreline beaches, which obviously were 
horizontal when formed, are found in some localities to have a no- 
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ticeable inclination in one direction or another. Tilting on a large 
scale is shown by the eastern shoreline o£ the United States. The 
northern part of this shoreline is marked by numerous bays, which 
are signs of submergence, while the south Atlantic coast has very 
few harbors and numerous barrier beaches (Chapter 8) which are 
characteristic of emergent coasts. 

Although no region is immune from diastrophism, the greatest 
movements have taken place within belts of crustal weakness which 
are, or have been occupied by mountain chains. One type of local 
deformation is warping . An area may be down-warped into a basin 
or up-warped into a broad dome. Of great importance in the geo¬ 
logic past have been very elongate down-warps known as geosyn¬ 
clines. Ordinarily these down-warps are of sufficient magnitude to 
permit the ocean to enter. Streams flowing into submerged geosyn¬ 
clines bring in sediment from surrounding land areas which ac¬ 
cumulates in considerable thickness as the geosyncline continues to 
sink. In this way sedimentary strata thousands of feet thick may be 
deposited in water which at no time is very deep, so that the marine 
organisms (later to become fossils) which are entrapped within the 
sediments are all of a relatively shallow-water type. 

Horizontal movements . Segments of the earth's crust 
may move in a horizontal direction as well as vertically. At any one 
point the forces acting horizontally may produce compression or 
tension, depending upon whether the segments are being forced 
toward or away from each other. Wherever rocks in the earth's crust 
are subjected to compressive forces they become folded . Folds may 
be very small “wrinkles" or, where the compression was intense, 
huge pleats in the crust of the earth. In some instances the rock 
fails to hold together during compression and breaks with one seg¬ 
ment sliding up over the other. This is known as faulting. Faulting 
may also be produced by tension in the earth’s crust, but in this 
case one segment, instead of overriding the other, will slip down on 
it. Folds and faults will be considered in more detail in the follow¬ 
ing section on the results of diastrophism. 

Tension on a relatively small scale is created by the cooling and 
contraction of igneous rock after it consolidates. This causes the 
rock to crack, producing fissures known as joints . Joints produced 
by contraction,' and from other causes, are also described in the fol¬ 
lowing section. 
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RESULTS OF DIASTROPHISM 

One result of diastrophism is the changed shoreline produced by 
either submergence or emergence of coastal areas. Elevated sea cliffs 
and beaches, bays, and fiords, and several other shoreline features 
(Chapter 8) are produced by vertical movements of the earth’s crust 
along the edges of the continents. Another result of diastrophism, 
mentioned earlier in the chapter, is the presence of sedimentary 
rocks of marine origin above sea level. However, the continental 
masses, or platforms, and the ocean basins have been stable features 
throughout traceable geologic time. Practically no sedimentary rock 
which was deposited at abyssal depths is exposed at the surface. 
Likewise, it is doubtful if any appreciable part of the oceanic basins 
of today ever formed continent masses. The continental platforms 
stand many thousands of feet above the bottoms of the ocean basins 
(but not above sea level). Depressing such a platform a few hundred 
feet would permit the ocean waters to inundate vast portions of the 
continent, but at the same time it would not destroy the relative re¬ 
lationship of the continental mass with respect to the surrounding 
ocean basins. In other words, the seas which encroached upon the 
continents owing to diastrophic movements were relatively shallow 
epicontinental (“upon the continent”) rather than abyssal seas. Hud¬ 
son Bay is an epicontinental sea of today, and an uplift of the North 
American continent of a few hundred feet would drain this huge 
bay. 

Other results of diastrophism, such as rock structures, earth¬ 
quakes, mountains, and metamorphism, are discussed separately in 
the remaining pages of this chapter. 

ROCK STRUCTURES 

The form and position of a body of rock determines its structure. 
Some structures, such as stratification, cross-bedding, and mud 
cracks, are original; they were created before the lithifaction of the 
rock. Other rock structures, such as folds and faults, came into exist¬ 
ence during or after the lithifaction of a sedimentary rock or the 
consolidation of an igneous rock. Millions of years may elapse be¬ 
tween the time of formation of a rock and the period of diastro¬ 
phism which creates structures of this type. The study of the form 
and position of rocks is called structural geology; this branch of the 
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science is used to obtain a picture of what lies beneath the rocks 
exposed at the earth’s surface. 

Joints . A critical examination of the rocks exposed at 
the surface reveals a number of features that are caused by move¬ 
ments of the earth’s crust. One such feature to be observed is jointing 
(Fig. 130). A joint is a crack or fissure in the rock which forms with¬ 
out any displacement, with respect to each other, of the rocks on the 
opposite sides of the crack. An important cause of jointing is the 
tension (tendency to pull apart) which rocks may undergo during 
diastrophism. This tension may be relieved by jointing along nu¬ 
merous planes perpendicular to the direction of force. The settling 
of brittle rocks, such as limestones and sandstones, over an uneven 
surface will also create tensions which will cause jointing. Such un¬ 
even surface may be produced by the compaction of an underlying 
shale which was deposited around and above hills, or which con¬ 
tains within it lenses (discontinuous beds) of relatively incompres¬ 
sible material, such as sand. Where buried hills or bodies of sand 
occur, the compaction of the shale will be less, and overlying brittle 
beds cannot bend over these higher points without cracking. The 
vibrations in the earth’s crust caused by earthquakes are probably 
another important cause of rock jointing. 

Diastrophism also produces compression which may cause the 



Fig. 130. Sheet (near-horizontal) jointing in granite. Treasure Mountain, 
Gunnison County, Colorado. By /. W. Vanderwilt. Courtesy Geological Sur¬ 
vey, U. S. Department of the Interior . 
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rocks to crack along shear planes, which are joints inclined 45 de¬ 
grees to the direction of force. The cooling and contraction of ig¬ 
neous rocks, and the dehydration and consequent contraction of 
sediments, likewise produce joints. 

Joints are very common in hard (brittle) rocks. They generally 
occur in three systems of parallel planes, of which two are vertical, 
or nearly so, and the third horizontal. In many cases the vertical 
joints intersect each other at such angles as to produce a diamond¬ 
shaped pattern on the surface. Theoretically, fissures can extend 
downward for a distance of 10 or 12 miles, but increased rock pres¬ 
sure with depth narrows the opening between the walls of a joint. 
As a matter of fact many deep mines are dry in the lower levels, be¬ 
cause the fissure walls at those depths are squeezed so closely together 
that water does not have adequate space in which to flow. 

Joint cracks may be filled with water, with air, or other fluid, or 
with minerals precipitated by percolating waters. Weathering debris 
accumulates in these fissures, but in most instances such material is 
not packed sufficiently tight to prevent the movement of air and 
water through the cracks. 

Joints are of considerable importance to mankind. The quarry- 
man both loses and gains by the presence of these natural rock frac¬ 
tures. If the joints are too close together he cannot quarry dimension 
stone; if they are too far apart his blasting costs may be excessive. 
Surface water becomes ground water by percolating down joint 
cracks and furnishes the entire underground supply where sand¬ 
stones and other porous rocks are absent. Near Canon City, Colo¬ 
rado, oil is obtained from fissures (joints) in shale. Ore veins may 
occupy joint cracks which originally extended deep into the earth 
and were utilized as channelways by upward-moving solutions. 

Tilted rocks . Another result of diastrophism is the 
tilting of rock masses (Fig. 131), readily observable where the 
rocks are stratified. Ordinarily, sedimentary layers are deposited in 
a horizontal or near-horizontal position. Exceptions occur where 
the marine floor on which deposition took place was inclined, as on 
the outward end of a delta. With this exception the presence of 
tilted rocks is evidence that diastrophism has taken place, causing 
one part of the crust to be pushed up in respect to another part. 
The geologist designates the exact position of a tilted rock stratum 
by means of strike and dip. 

The determination of strike and dip is not difficult. One must 
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consider two planes, one the plane of the inclined rock stratum and 
the other the plane of the horizontal. These two planes will inter¬ 
sect along a straight line, as will any two planes that are not parallel. 
This straight line is the strike. Because one of the planes is hori¬ 
zontal, the strike line will also be horizontal, so its direction can be 
designated in terms of the points of the compass. We speak of an 
inclined bed as striking east and west, or striking north 47 degrees 
west, or striking in some other compass direction. If the surface of 
the ground is horizontal, the cross-country trend of the outcrop of 
an inclined rock stratum will parallel the strike. The dip is the 
vertical angle between the plane of the dipping rock and the plane 
of the horizontal. The direction of the dip is at right angles to the 
strike. For every strike two dip directions are possible, unless the 
strata are vertical. 
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The symbol which is used on maps to designate the strike and dip 
of rocks is V 37°. The plain line shows by its direction the strike 
of the rocks. The arrow line shows the direction of dip, and the 
figure gives the degree of dip. 

The investigation of the inclination of rocks is an important part 
in searching for oil, coal, and other mineral deposits. 

Folds. Inclined strata are usually the limbs of folds. 
There are many types of folds. Where the stratified rocks are bowed 
upward, the fold is known as an anticline (Fig. 132). A downward 
fold is called a syncline. If the stratified rocks are bent in one direc¬ 
tion only, the fold is known as a monocline (Fig. 133). An anticline 
which is circular in plan like a trench helmet is called a dome. A 
circular syncline is called a basin. Most anticlines and synclines are 
elliptical, like a canoe. They vary greatly in magnitude; some are 
but a few feet across, and in others the dimensions may be a matter 
of miles (Figs. 134, 135, 136, 137 and 138). Very large folds contain 
superimposed minor folds. Many anticlines and synclines lie side by 
side, so that the flank of one is also the flank of the other. 


»•> 



Fig. 132. Upfold or anticline bordered by a downfold or syncline. The 
character of the fold is not reflected in the surface topography; an anticline is 
just as liable to be a valley (as shown above) as a ridge. By John Jesse Hayes . 





296 


Geologic Processes 



Fig. 133. Terrace fold or monocline. Again there is no connection between 
the character of the fold and the topographic form. By John Jesse Hayes. 



- Fig. 134. Anticline exposed in shore cliff. Most anticlines are much too large 
to be visible in a single photograph. Folded Coal Measures at Saundersfoot, 
Pembrokeshire. Courtesy Geological Survey and Museum , London. 
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Fig. 135. South limb of eastward plunging anticline north of San Juan 
River, Utah. Southerly dip visible in exposures in tributary draws; flat lying 
sediments at upper end ol draws are on axis of anticline. By permission Spence 
Air Photos. 



Fig. 136. Dissected anticlinal ridge north of Ojai, Ventura County, Califor¬ 
nia. By permission Spence Air Photos , 
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Fig. 137. Folded limestone of Carboniferous age in Butte Valley, Panamint 
Range in Inyo County, California. By permission Spence Air Photos. 


' 138. Folded Triassic limestone and shale, Copper Creek, Alaska. By 

W* H, Moffit. Courtesy Geological Survey, U. S. Department of the Interior. 
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Anticlines and synclines are not necessarily hills and valleys on 
the earth’s surface. In many instances valleys occur along the axes 
of anticlines, and the rocks outcropping near the center of synclines 
may form mountain ridges. Ordinarily the diastrophism which 
causes folding is so slow that the agents of erosion are able to keep 
the surface fairly well smoothed off while the folding is taking 
place. At any rate, the time since folding took place has been suffi¬ 
ciently long in most cases to cause the obliteration of whatever 
topographic effect the folding itself may have caused. But folding 
does produce tilted rocks, and, if the various layers are of unequal 
hardness, differential erosion will create hogbacks (Chapter 5). A 
region of folded rocks can be recognized in many instances by the 
distinctive topography, consisting of parallel hogbacks, with inter- 



Fig. 139. Hogback on flank of anticline. Slope to right (east) from summit 
of hogback is the dip slope. Stream has carved its valley along outcrop of less 
resistant rock and is therefore subsequent. Comb Ridge, Utah. By permission 
Spence Air Photos . 
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vening valleys, and a trellis drainage pattern. The trend of the hog¬ 
back ridges is approximately parallel to the strike of the rock for¬ 
mations, and the slope of the cap rock of each hogback gives the 
local dip (Fig. 139). 

Faults. Where the diastrophic forces are greater than 
the rocks can withstand by stretching or compressing, the rocks 
break and a fault is produced. A fault differs from a joint in that 
the rocks on the two sides of the fracture have suffered relative dis¬ 
placement (Fig. 140). The plane of the fracture is known as the 
fault surface . The outcrop of a fault surface is referred to as the 
fault line . Ordinarily fault planes are not vertical but are steeply 
inclined. The rock bordering the fault plane on the upper side is 
called the hanging wall, that on the under side the foot wall. 

Faults cause segments of the earth’s crust to move vertically, later¬ 
ally, or both vertically and laterally. Some faults are caused by ten¬ 
sion in the crust of the earth. This stress is relieved by fracturing, 
with the rocks on one side of the break slipping down with respect 
to those on the other. This is called a normal fault; the hanging 



‘Fig. 140. Normal fault. Hanging wall (left) side has moved down in respect 
to footwall side. Cliff at upper right is fault-line scarp; stream along fault line 
is a common phenomenon. By John Jesse Hayes. 
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wall moves down the fault plane from its former position. If the 
rocks are subjected to compression instead of tension, the resultant 
faulting differs in that the rocks on one side of the fault will ride up 
on those on the other side, thereby shortening the distance between 
points on opposite sides of the fault. This is known as a reverse 
fault; the hanging wall side of the fault moves up with respect to 
the foot wall (Fig. 141). Compression or tension in the rocks is re¬ 
lieved sometimes by a series of parallel faults, called a fault zone, in¬ 
stead of by a single fault. Another type of compound faulting con¬ 
sists of two parallel faults with the intervening rock dropped down, 
forming what is known as a graben (from the German word for 
ditch). If the intervening block of rock is shoved up (or remains up 
while the adjacent rock sinks) a horst is produced (Fig. 142). 

The amount of displacement, or distance between two points on 



Fig. 141. Reverse fault in schist overlain by terrace gravels. Fault plane is 
visible in left center of picture, dipping steeply from right to left. As is the rule 
in reverse faulting the movement has placed older rock (the schist) directly 
above younger rock (terrace gravels) which abuts the fault plane. Rock Creek, 
Washington, D. C. By N. H. Darton. Courtesy Geological Survey , V. S. De¬ 
partment of the Interior , 
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opposite sides of a fault which were formerly contiguous, varies 
greatly. Some faults are little more than joint cracks, with displace¬ 
ments of a fraction of an inch, whereas other faults have displace¬ 
ments measurable in feet and even in miles. Movements of from 
ten to fifty feet are very common, and in mountainous regions many 
faults have displacements of several hundred to several thousand 
feet. Where faulting cuts across sedimentary rocks it is often possible 
to identify the strata on opposite sides of the fault surface and to 
measure the amount of the displacement with considerable accuracy. 
The determination of the length of the fault line may be difficult 
because of the presence of soil and alluvium masking the outcrop. 
By interpolating between exposures where necessary, some fault 
lines have been traced for many miles. An extreme case is the San 
Andreas fault in California which has been mapped for over 500 
miles (Fig. 143). Movement along this fault plane caused the earth¬ 
quake of 1906. 

Faulting is one of the few geologic processes that is preponder- 



Fig. 142. HorSt, or upfaulted block, bordered by downfaulted grabens. Block 
faulting of this type produces the “basin and range” topography found in parts 
pf Utah and Nevada, and the “rift” valleys which occur in central Africa. By 
John Jesse Hayes. 
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antly sudden and in some instances catastrophic. When faulting 
occurs, an earthquake results. Fault planes behave as safety valves 
in the earth’s crust. When the diastrophic stresses get to be more 
than the rocks can stand, faulting occurs. Movement may occur 
many times on the same fault plane. Geologists refer to faults as 
being “dead” when there is no evidence of any movement. Others 
are “live”; they have been active in recent times and quite logically 
may be expected to be active again. However, faults are something 
like volcanoes; we can never be absolutely sure when they have 
ceased to be active. 

The results of faulting are many. Some are very local in nature, 
confined to the immediate vicinity of the fault. The rocks adjacent 
to the fault plane may be rubbed together with such pressure that 
they become pulverized and are converted into a sort of clay, known 
as fault gouge. If the rock adjacent to the fault is broken into an¬ 
gular fragments instead of being pulverized, a fault breccia results. 
The rock along the fault plane may be scratched or grooved during 
the movement. These striations, known as slickensides, are valuable 



Fig. 143. San Andreas fault passing through Indio Hills, California. Fault 
line crosses center of picture (lower right of center to upper left of center). 
Major movement along fault plane was in horizontal direction; left (west) side 
of fault moved away from camera, shifting flats at lower right to left center and 
bringing into view hills at lower center which were originally back of camera. 
By permission Spence Air Photos. 
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in that they give direct evidence as to the direction in which the 
movement took place. In the case of stratified rock, the beds next 
to the fault plane may be bent in the direction in which the move¬ 
ment took place. This is known as drag, and is likewise important in 
giving evidence of the direction of movement. 

Other results of faulting are the abrupt truncation of rock layers 
at the fault plane and the bringing together of rocks which were 
not previously in contact. Reverse faulting causes older rocks to 
overlie younger, which is contrary to the usual order, and may pre¬ 
vent some rocks from outcropping although they may be present 
beneath the surface. Normal faults may cause repetition of outcrop¬ 
ping strata. Lateral movements on the fault plane, and vertical move¬ 
ments in tilted strata where the fault line does not parallel the strike 
of the rocks, cause an offset of the outcropping rocks. 

Faulting in some instances has a decided effect on the surface to¬ 
pography. Vertical movements produce cliffs at the surface which 





Figs 144. Prominent fault scarp on MacDonald Lake (near Great Slave 
Lake), Northwest Territory, Canada. Early Precambrian granite to left has 
been faulted up s6 that it lies alongside Middle Precambrian sediments. Royal 
Canadian Air Force photograph. By permission Department of National De - 
fens'el, Ottawa , Canada. ‘ 





Fig. 145. Fault-line scarp forming east wall of uplauited 1 eton Range. Jackson Lake in foreground. Grand Teton National 
Park, Wyoming. By George A . Grant . Courtesy National Park Service . 
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are called fault scarps (Fig. 144). These scarps are relatively short¬ 
lived because they are attacked by the forces of erosion and planed 
off so that the surface on the “up” side of the fault line becomes 
level with the surface of the ground on the “down” side. However, 
when this is done, rock of unequal resistance to erosion may be ex¬ 
posed on opposite sides of the fault line. The softer rock will be 
eroded faster (regardless of whether it was initially on the “up” 
side or the “down” side of the fault), and a cliff will again be formed 
along the line of the fault. This type of scarp, created by differen¬ 
tial erosion, is known as a fault-line scarp (Fig. 145). 

The rock adjacent to a fault plane is in many cases so broken up 
that the forces of erosion can excavate it with relative ease. A large 
number of fault lines are occupied by stream valleys. Eccentricities 
in the courses of rivers flowing through faulted regions are due to 
the streams’ following fault lines over parts of their courses. Some 
down-faulted blocks (grabens) are occupied by rivers or elongate 
lakes. The Rhine River of Germany flows through a graben valley 
over part of its course. The depression occupied by the Red Sea is 
a graben. The below-sea-level elevation of Death Valley in Califor¬ 
nia is due to the fact that it too is a graben. 

Faulting has a number of economic effects. The miner, whether 
he is working a coal bed or an ore vein, constantly gets in trouble in 
a faulted region through running into faults and losing the bed or 
vein. He must work out the structural geology in detail before he 
knows in what direction to mine in order to pick up the coal seam 
or ore body across the fault. On the other hand, some fault planes 
and zones were used by ore-depositing solutions as channelways and 
as a result are themselves occupied by valuable ore deposits. 

Live faults present a distinct hazard in engineering construction. 
A, dam, aqueduct, canal, or other feature built across a fault line 
could be destroyed by a renewal of movement. Steps taken to pre¬ 
vent such catastrophes are discussed in Chapter 18. 

Fault planes and zones are in many instances used as channels by 
circulating underground waters. Faults can be traced on the surface 
in some districts by the presence of a series of springs along the fault 
line. 

Unconformities. Strata which are deposited one upon 
die other on the sea floor without interruption are said to be con¬ 
formable. If, however, there is a period of emergence between two 
periods of submergence, the contact between the sediments depos- 



307 


Diastrophism and Its Effects 

ited during the two submergences is called an unconformity . There 
are several types of unconformities. If tilting or folding occurred 
subsequent to the earlier deposition but before the younger sedi¬ 
ments were laid down, the younger, overlying beds will not be paral¬ 
lel to the older strata (Frontispiece). This is spoken of as an angu¬ 
lar unconformity (Fig. 146). If there was no tilting or folding, but 
if the older rocks while exposed at the surface were eroded into hills 
and valleys so that the contact is a wavy one, it is called an erosional 
unconformity or disconformity (Fig. 147). The strata above and 
below an unconformity of this type are parallel. In some unconfor¬ 
mities there is no physical evidence of an emergence between the 
deposition of two series of strata, but discrepancies in the ages of the 
contained fossils show a time break. Unconformities are of material 
aid in unravelling geologic history, for they constitute a record of 
past submergences, emergences, and other types of diastrophism. 


EARTHQUAKES 

If Mother Earth kept a diary, she would record over one thousand 
earthquakes during the course of an average day. About half of 



Fig. 146. Angular unconformity between older folded rocks and flat-lying 
younger rocks. Between time of deposition of older and younger series of beds 
the older rocks were folded and faulted, uplifted above sea level and truncated 
by erosion. Later they were submerged beneath the sea again and overlain with 
younger sediments. By John Jesse Hayes . 
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these quakes are strong enough to be felt locally. Fortunately, the 
proportion of destructive earthquakes is very small. For one reason, 
many quakes occur in sparsely settled regions or out beneath the 
sea floor, so that even though they may be violent in intensity they 
may not be destructive to life and property. However, by far the 
greatest number of earthquakes are so mild that little or no damage 
is done even when they occur in regions of dense population. 

Causes of earthquakes. Volcanic eruptions are often 
preceded and invariably accompanied by earth tremors, but these 
are very local in character. Most of the great quakes have been 
caused by faulting in the rocks in the earth’s crust. Where these 
fault planes reach the surface, roads, fences, and tracks may be offset 
several feet, or one side lifted up with respect to the other. Some 
fault lines have been traced for many miles after an earthquake by 
these jogs and scarps. The displacement effects of vertical faulting 
in the rocks beneath the ocean are not readily observable, but the 
movement may create huge waves which are capable of causing con¬ 
siderable damage on shore. A great sea wave produced by an earth¬ 
quake near the Aleutian Islands in Alaska in 1946 rolled equator- 



1 Fig* 147. Erosional unconformity, following deposition of older sediments 
the region was lifted above sea level and the surficial rocks were unevenly 
eroded.but were not folded or faulted. Subsequently a second submergence per¬ 
mitted «tfte deposition of the structurally conformable younger sediments. By 
John Jesse Hayes . 
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ward through the Pacific causing much damage in the island 
archipelagos en route. 

The disturbance caused by faulting is naturally greatest in the 
immediate vicinity of the fault plane, but the shock may be trans¬ 
mitted through the rocks for great distances (Figs. 148 and 149). 



Fig. 149. The municipal water tank at Holtville, 
California, couldn’t take it when the earth quaked. 
By /. P. Buwalda, June, 1940. Courtesy Norman E . 
A . Hinds and the University of California . 
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Earthquake belts. Most of the active faults (and ac¬ 
tive volcanoes) occur in belts of crustal instability. One seismic 
(earthquake) belt borders the Pacific, including the western coast 
of the two Americas, the Aleutian Islands, the eastern coast of Asia 
(especially the Island groups) and Antarctica. Another belt borders 
the Mediterranean and extends eastward through the mountain 
chains of southern Asia. The islands of the Caribbean lie in a 
shorter but nevertheless active belt of seismic disturbance. 

Descriptions of earthquakes. A very vivid description 
of what happens when a violent earthquake occurs has been re¬ 
corded in a book by the late Major C. E. Dutton, from which the 
following is quoted: 

When the great earthquake comes, it comes quickly and is quickly 
gone. Its duration is generally a matter of seconds rather than of 
minutes, though instances have been in which it lasted from three 
to four minutes. Perhaps forty-five seconds would be a fair average. 
The first sensation is a confused murmuring sound of a strange and 
even weird character. Almost simultaneously loose objects begin to 
tremble and chatter. Sometimes, almost in an instant, sometimes 
more gradually, but always quickly, the sound becomes a roar, the 
chattering becomes a crashing. The rapid quiver grows into a rude, 
violent shaking of increasing amplitude. Everything beneath seems 
beaten with rapid blows of measureless power. Loose objects begin 
to fly about: those that are lightly hung break from their fastenings. 
The shaking increases in violence. The floor begins to heave and 
rock like a boat on the waves. The plastering falls, the walls crack, 
the chimneys go crashing down, everything moves, heaves, tosses. 
Huge waves seem to rush under the foundations with the swiftness 
of a gale. The swing now becomes longer and still more powerful. 
The walls crack open. A sudden lurch throws out the front wall into 
the street, or tears off or shakes down in rubble the whole corner of 
the building. Then comes a longer swaying motion, not like a ship _ 
at sea, but more rapid; not alone from side to side, but forward and 
backward as well, and both motions combined into a wriggle which 
it seems impossible for anything to withstand. It is this compound, 
figure-8 motion which is so destructive, rending asunder the strong¬ 
est structures as if they were adobe. It is the culmination of the 
quake. It settles into a more regular swing of decreasing amplitude, 
then suddenly abates and the motions cease. 

Or suppose we are out in the country and the earthquake comes 
suddenly upon us. The first sensation is the sound. It is wholly 
unlike anything we have ever heard before unless we have already 
^ad a. similar experience. It is a strange murmur. Some liken it to 
the sighing of pine trees in the wind, or to falling rain; others to 
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the distant roar of the surf, others to the far-off rumble of the rail¬ 
way train; others to distant thunder. It grows louder. The earth 
begins to quiver, then to shake rudely. Soon the ground begins to 
heave. Then it is actually seen to be traversed by visible waves 
somewhat like waves at sea, but of less height and moving much 
more swiftly. The sound becomes a roar. It is difficult to stand, and 
at length it becomes impossible to do so. The victim flings himself 
to the ground to avoid being dashed to it, or he clings to a con¬ 
venient sapling, or fence-post, to avoid being overthrown. The trees 
are seen to sway sometimes through large arcs, and are said, doubt¬ 
less with exaggeration, to touch the ground with their branches, first 
on one side, then on the other. As the waves rush past, the ground 
on the crests opens in cracks which close again in the troughs. As 
they close, the squeezed-out air blows out sand and gravel, and some¬ 
times sand and water are spurted high in air. The roar becomes 
appalling. Through its din are heard loud, deep, solemn booms that 
seem like the voice of the Eternal One, speaking out of the depths 
of the universe. Suddenly this storm subsides, the earth comes speed¬ 
ily to rest and all is over. 

And yet this feeble description suggests but a single instance, or a 
few instances having a general similarity. There are many varia¬ 
tions of detail in the incidents of great earthquakes. In some the full 
vigour of the shock comes . . . with an almost explosive sudden¬ 
ness. People find themselves suddenly thrown to the earth, the 
ground literally knocked from under their feet. Sometimes the roll¬ 
ing waves of soil are absent and the motion is a rude quiver, rapidly 
vibrating in every direction, twisting, contorting, wrenching the 
ground, as if in a determined effort to shake it into dust. Sometimes 
the most pronounced motion is vertical, as if the earth beneath were 
being hammered upward by a quick repetition of strokes. 1 
A number of extremely destructive earthquakes have occurred in 
comparatively recent times. Falling buildings, disastrous fires which 
are difficult to conquer because the earth movements tear asunder 
the water pipes, and enormous sea-waves may exact an appalling 
life and property toll. Over 140,000 people were killed or missing 
after the Japanese quake of 1923. Estimates of the property damage 
range from 2i/£ to 3 billion dollars. The main shock came at noon 
on September first. During the afternoon “there were five shocks 
all of destructive or semi-destructive strength, and on the following 
day three. By the end of the month no fewer than 1,256 shocks were 
recorded at Tokyo, of which more than half were strong enough to 
be felt.” 2 

,1 Dutton, C. E. Earthquakes , pp. 12-16. New York: G. P. Putnam's Sons, 1904. 

3 Davison. Charles. The Japanese Earthquake of 1923 , p. 5. London: Thomas Mur¬ 
phy & Co., 1931. 
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-The epicentre, or central point, of the Japanese earthquake was 
south of Tokyo and Yokohama in Sagami Bay. The most violent 
earth movements took place beneath the waters of the bay; the sea 
floor sank 1,312 feet at one point and rose 755 feet less than three 
miles away. Most of the surrounding shoreline was permanently 
elevated to a maximum height of six and one-half feet. Here oc* 
curred the greatest damage; 95 per cent of the houses in some of the 
towns lying along the north shore of Sagami Bay collapsed. 

About three miles to the north of Atami, the prefecture of Kana- 
gawa begins, and with it, the area of great destruction. Close to the 
boundary line is the small town of Manazuru, that contained 1,258 
houses before the earthquake. Of these, 20.9 per cent collapsed, the 
total loss being brought up by fire to 90.0 per cent. Manazuru Point, 
the end of an old lava stream from Mount Hakone, runs out about 
2 1/2 miles into the sea. Here, the sea retreated almost immediately 
after the earthquake. While the land was thus laid bare, water 
spurted up with each shock from numerous places to a height of 
several feet. In a few minutes, the sea returned. There was no wave. 
The water simply rose very rapidly, but it came in with such force 
that large boulders and pine trees were tossed about “like peas and 
straws in a boiling pot." 

The top of the peninsula was so shaken up that persons walking 
across it sank up to their knees in soft earth. Potatoes were thrown 
out of the ground as completely as if they had been dug by hand. 
JLarge pine and camphor trees were in places buried leaving only 
the tips of the branches above ground. The wells in this district are 
lined with earthen tile pipes about 18 inches in diameter, and many 
of these pipes were forced out of the ground and were left standing 
up like chimneys, some of them about 10 feet high. 

During the rest of September 1 and all of September 2, after¬ 
shocks occurred so frequently in this district as to be almost con¬ 
tinuous. At intervals of about ten minutes, came more severe shocks, 
strong enough to throw down people who were walking. The shocks . 
seemed to come directly from underneath and were extremely pain¬ 
ful to those standing on rock or hard ground. 

A short distance to the south of Odawara lay the villages of Ka- 
taura and Nebukawa. A hamlet belonging to the former and con- 
1 taining more than sixty families was completely buried under a mass 
( of rock and sand about one hundred feet in thickness, that fell from 
the neighbouring mountain. Close by, the river Nebukawa flows 
down, a mountain stream that, mixing with the earth brought down 
by landslips, had formed a mud-flow about 200 yards wide and pei- 
haps 50* feet in depth. The village of Nebukawa at its mouth was 
swept by it into the sea. At the moment of the earthquake, a train 
for Manazuru had arrived at Nebukawa station with more than 200 
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passengers. Both station and train were carried away by the torrents 
and mud-flow to the bottom of Sagami Bay, and not one soul in 
either escaped. 

Of the old town of Odawara, hardly a trace remained. With the 
violent vertical shocks, landslips occurred at many places, bridges 
collapsed, and numerous giant trees were uprooted or snapped in 
two. In the town and neighbourhood, more than 5,500 houses were 
thrown down. The fires, that started in 12 different places, soon 
under the furious gale combined into one great mass of flame that 
covered the whole town and burned more than 2,300 houses in the 
central part. Of 4,835 houses that existed on the morning of Septem¬ 
ber 1 , only about 264, or 6.7 per cent, remained . 3 

The havoc created by this earthquake was by no means confined 
to the vicinity of Sagami Bay; destruction of property was spread 
over seven prefectures (provinces). The greatest loss of life (83 per 
cent of the total deaths) occurred in densely populated Tokyo and 
Yokohama, where fires, started by the earthquake and fanned by 
winds of gale velocity, devastated the greater part of those two cities. 
An estimated 40,000 people had gathered in an open space near the 
center of Tokyo when a sudden shift of the wind carried the fire 
across their place of refuge; not a single individual survived this 
holocaust. 

Great as the loss of life was in the Japanese quake of 1923, it has 
been exceeded several times in the past. Up to 180,000 people were 
killed, mainly by landslides, (Chapter 7), in the Kansu and Shenshi 
provinces of China in 1920. Destructive earthquakes have visited 
the Sagami Bay district of Japan before; one of these, in 1703, caused 
the death of 200,000 people. Thirty-four years later, 300,000 were 
killed in India by a violent quake. The highest loss of life on rec¬ 
ord is an estimated death toll of 830,000 in an earthquake occurring 
in Shenshi province, China, in 1556. It is surprising that the earth 
cracks which open and close during quakes have not engulfed more 
people than they have. During Japan’s long earthquake history 
there is only one authenticated case of this sort. In the severe quake 
which virtually destroyed the city of Fukui in July, 1948, a woman 
was buried up to her neck in a crack that opened in her rice paddy. 
Before neighbors attracted by her screams could rescue her, the 
crack contracted and crushed her to death. 

Seismology . Earthquakes set up vibrations or waves 


3 Davison, Charles, op . cit, pp. 34-35. 
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which go to all parts of the earth. The study of earthquakes and 
earthquake waves is known as seismology. 

There are three sets of earthquake waves: two, the primary and 
secondary waves, pass through the earth; the third set, the long 
waves, passes around the earth. The primary and secondary waves 
are separate types of waves which vibrate in different directions and 
travel at different speeds. The earth acts as a rigid solid in transmit¬ 
ting these waves. Instruments have been invented which record on a 
revolving drum the primary, secondary, and long waves as they reach 
the point at which the instrument is located. These instruments are 
known as seismographs, and the zig-zag line that is drawn on the 
drum when an earthquake is recorded is a seismogram. Information 
as to the location of an earthquake, the time at which it occurred, 
and its intensity can be compiled from seismograms obtained at a 
number of separate stations. Seismographs pick up earth tremors 
which would otherwise be unnoticed because the faulting occurred 
in uninhabited areas or beneath the sea. 

It is as yet impossible to forecast when an earthquake will take 
place. Most of the active faults have been mapped, so that we know 
in a general way what areas are liable to be visited by quakes in the 
future. In such areas it is wise so to build that earthquake damage 
will be at a minimum. Deep alluvium and filled-in ground should 
be avoided, as these have a tendency to magnify the shocks occur¬ 
ring in the underlying bed rock. The San Francisco earthquake of 
1906 caused much greater damage to the buildings on the alluvial 
plain than to those on the adjacent bed-rock hills. Buildings should 
be constructed of such material that they will sway without break¬ 
ing. Stone and brick structures are inferior to wooden buildings in 
this regard, but wooden buildings are an easy prey to the fires that 
follow. Reinforced concrete is the best building material. Buildings 
of this type in downtown Tokyo were left standing among com¬ 
pletely razed structures of other types in the earthquake of 1923. 

Seismology has been used by the petroleum geologist in search¬ 
ing for buried structures favorable to the accumulation of oil and 
gas. Explosives are set off, creating miniature earthquakes which 
send waves downward through the rocks. Where a rock stratum or 
mass of different elasticity is encountered, some of the waves are re¬ 
flected back to the surface and are caught by seismographs set up at 
different points. From the seismograms thus obtained, it is possible 



Diastrophism and Its Effects 315 

to determine the structure of the buried rocks. This procedure is 
described in more detail in Chapter 17. 

MOUNTAINS 

A mountain is a lofty elevation of rock; it need not be of great 
height above sea-level, but it must rise conspicuously above nearby 
land surfaces. The distinction between a hill and a mountain is a 
matter more of location than- of height. In regions of low or moder¬ 
ate relief the “mountains,” according to local nomenclature, may 
be lower than some of the “hills” in more rugged areas. As a gen¬ 
eral rule, the highest points in a region, whether they reach elevations 
of 500 or 5,000 or more feet above the surrounding lowlands, are 
called mountains; the much lesser heights are referred to as hills. 
Mountains may be isolated peaks, elongate ridges, or a group of 
summits capping a relatively high area. 

The highest mountains in low latitudes, and all mountains in 
high latitudes, rise above the level of perpetual snow. But whether 
snow-clad the year round or not, mountains attract thousands of 
people annually. Many are lured by more comfortable summer 
temperatures and magnificent vistas, while others seek the recrea¬ 
tional features such as mountain climbing, fishing, hunting, and 
winter sports. 

Valuable forests may occupy the flanks of mountains. The winter 
snows store water which is tapped by the heads of rivers. Some great 
cities have built long pipe lines into mountainous areas in order to 
obtain a consistent year-round flow of uncontaminated and soft 
water. Mountain chains exert a strong effect on climate; the winds 
in crossing a range of mountains are pushed upward to the point 
where lower temperatures force the precipitation of their contained 
moisture on the windward side. After crossing the mountains the 
winds descend and the air is warmed by compression (adiabatic 
heating). This increases the air’s capacity to hold moisture. For these 
reasons dryness results on the leeward side. 

Origin of mountains. The elevation of mountains 
is due, directly or indirectly, to diastrophism. The diastrophism 
may be of three types: deepseated movements, horizontal move¬ 
ments, or vertical movements. Movements deep within the earth’s 
crust permit the escape of lava to the surface. If this lava flows (or 
is blown) through a circular vent, a volcanic cone is formed which 
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in time may rise high enough to be a mountain. Lateral compres¬ 
sion of the earth’s crust creates horizontal movements, which pro¬ 
duce folded rocks and overthrust faults. Tension in the crust pro¬ 
duces normal faults. Folded and faulted mountains are due ini¬ 
tially to horizontal movements. Vertical upward movements of the 
earth’s crust, or uplifts, provided the elevation needed for most of 
our present-day mountain ranges. Uplifts may occur, and in many 
cases have occurred, in regions which- have previously suffered in¬ 
tense diastrophism of the compressional type. Furthermore, uplifts 
may be recurrent so that mountain systems are periodically rejuve¬ 
nated. 

After diastrophism has produced the elevation necessary for moun¬ 
tains, erosion carves the mountain topography. Volcanoes are an 
exception, however, to both of these rules. Diastrophism merely 
permits the escape of lava; the mountain is built by volcanic ac¬ 
tivity. Erosion, therefore, plays no part in forming a volcanic 
mountain, although it may modify its shape, and eventually will 
destroy it altogether (as it will other mountains). With this excep 
tion, erosion is as essential to the formation of mountains as is 
diastrophism. The increased elevation brought on by folding* fault¬ 
ing, simple uplift, or a combination of these, creates increased 
stream gradients, and erosion by running water is accelerated. Deep 
valleys are carved; headward erosion of many valleys back into the 
divides creates mountains. Ice and other agents of erosion may 
assist in this sculpturing. In other words all mountains except 
volcanoes are residual features, representing a stage between the 
elevation of a great mass of rock by diastrophism and its destruction 
by erosion. 

The base-leveling of an uplifted area may be complicated by its 
continued rising, through isostasy, to compensate for the weight of 
the sediment removed by erosion. One must postulate a lag in the 
isostatic adjustment between the areas of erosion (unloading) and 
deposition (loading) in order to explain base leveling at all. 

Volcanoes. Volcanoes (described in Chapter 10) are 
unique among mountains because they are built up by the accretion 
of lava and ejectmenta instead of being sculptured out of pre¬ 
existing rock. 1 hey may be unique also in standing some distance 
from other mountains and in exhibiting unusual perfection of sym¬ 
metry. For these reasons some volcanoes, such as Rainier, Shasta, 
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Popocatepetl, Etna, and Fujiyama, are among our best known and 
most beautiful mountains. 

The shapes of some volcanic peaks have been considerably modi¬ 
fied by mountain glaciers. In addition, volcanoes are eroded by 
other agents, mainly running water. Cinder cones are especially sus¬ 
ceptible. Therefore, a volcano will exist as a mountain for only a 
brief period as geologic time is measured; our volcanic peaks of to¬ 
day were built a relatively short time ago. In fact, some have been 
active during human history. Once erosion has completely destroyed 
a volcanic mountain there remains the neck or conduit through 
which the lava poured upward from deeper in the crust. In many 
cases the rock in this neck is harder than the surrounding rock so 
will become a prominent topographic feature during the lowering 
of the local surface by erosion. Some mountains, such as the Spanish 
Peaks in Colorado, are formed in this way. Most volcanic necks are 
smaller. They may be referred to locally as buttes, although geolo¬ 
gists tend to restrict this term to features of somewhat similar topog¬ 
raphy, but which are composed of flat-lying layered rock. Dikes, 
inclined sills, and uncovered laccoliths may likewise resist erosion 
to such an extent that ridges, hills, and even mountains result. All of 
these features except the volcanic cones themselves are carved by 
differential erosion, and therefore differ but little in origin from the 
mountains described in subsequent paragraphs. 

Folded-rock mountains. Some mountain chains, such 
as the Appalachians, consist of sedimentary rocks that have been 
folded into a series of waves like pleats in a skirt. The sediments 
were originally deposited in a great geosyncline, the floor of which 
sank as the material was deposited. In this way thousands of feet of 
sediment was deposited before diastrophism raised the geosynclinal 
trough to such heights that the sea could no longer enter. A sinking 
geosyncline can be described as a wedge forcing its way into the 
earth’s crust. This wedge contains rock that is weaker than the rock 
on either side; it eventually succumbs to the compressive forces in 
the crust by forming a series of folds and, perhaps, overthrust faults. 
This diastrophism may be aided by the expansive forces set up by 
the higher temperatures encountered with deeper burial. 

Diagrammatic reproduction of the folds exposed in mountain 
chains places the apices of some of the anticlines thousands of feet 
above the summits of the present mountains. It has been concluded 
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by some geologists that the mountains themselves at one time reached 
these, enormous heights, but it is more likely that folding was suffi¬ 
ciently slow so that the agents of erosion truncated the tops of the 
anticlines as they rose. In no mountain range of today, at any rate, 
does the topography ever approximately conform to the rock struc¬ 
ture, in that the ridges are anticlines and the valleys synclines. Once 
erosion has truncated the top of an anticline it proceeds differen¬ 
tially, the resistant rock layers on the flanks of anticlines (and syn¬ 
clines) making hogback ridges, and the softer layers eroding into 
valleys. This is the typical topography of folded rock mountains. 

The traceable history of the earth is divided into a number of 
periods; each period represents many millions of years. It takes the 
forces of erosion less than the span of an average period to destroy 
a mountain range. But erosion does not destroy the folded rock 
structure, so if diastrophism re-elevates a region of folded rocks, 
differential down-cutting will re-create hogback ridges with interven¬ 
ing valleys. Most of our folded rock ranges of today are rejuvenated 
mountains; in some instances they have been planed down by ero¬ 
sion and rejuvenated several times in the geologic past. Such moun¬ 
tains have two or more birthdays, the first the time of the original 
folding and the last the time of the most recent uplift. The Appala¬ 
chian Range was originally folded during a far distant geologic 
period. Before the close of the next period, still several hundreds 
of million of years ago, the entire region was peneplained. Subse¬ 
quently these mountains have been uplifted, carved out by erosion, 
and destroyed, or partly destroyed, several times. The Appalachians 
and all of the other mountains now existing in the world were last 
uplifted during a fairly recent period. Mountains elevated earlier 
have been destroyed, just as the present mountains will be destroyed 
in a short space of geologic time unless further uplifts occur. 

Many mountain chains, including those with the highest peaks, 
consists of more than folded sedimentary rocks, They also contain 
great masses of granite and other igneous rocks, and various kinds 
of metamorphic rock. These rocks are very resistant to erosion, so 
that when they are uplifted they are soon isolated as peaks by the 
removal of surrounding, less resistant rocks. Crystalline (igneous 
and metamorphic) rocks occur in mountain chains in two quite 
different structural relationships. In one, an arching of the crust 
, elevates the hard rock floor on which the sedimentary rocks were de¬ 
posited to such heights that the floor is uncovered by erosion of the 
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sedimentary rock veneer across the top of the arch. Because of the 
hardness of this rock it will erode more slowly than the sedimentary 
rocks on the flanks. In time the igneous or metamorphic rock in the 
core will be sculptured into sharp peaks and narrow valleys. The 
jagged sedimentary rocks on the flanks, because they consist of tilted 
layered rocks of varying hardness, will be eroded into relatively low 
hogbacks with intervening valleys which parallel the crystalline rock 
range. The Front Range of the Rocky Mountains illustrates this 
type of mountain system. The peaks are carved from granite; paral¬ 
lel to and in front of them to the east are hogbacks of tilted sedi¬ 
mentary rocks. The hard igneous or metamorphic rocks forming 
the core of mountain ranges falling into this classification are older 
chan the associated sedimentary rocks; the crystalline rocks were at 
one time the floor on which the sedimentary rocks were deposited, 
as shown by the depositional contact between the two. 

The other type of “hard rock” mountain range has a core of ig¬ 
neous rock which is younger than the associated sediments. In this 
case great oatholiths and other bodies of magma were intruded into 
the sedimentary rock formations as they were being folded; the con¬ 
tact is an uneven one because the magma pushed and “burned” 
its way into the sediments. When diastrophism lifts a rock complex 
of this character high above sea-level the agents of erosion strip off 
the roof of sedimentary rock and expose the intruded igneous rock. 
Subsequently erosion proceeds differentially; the softer sedimentary 
rock is stripped down to low elevations while the relatively resistant 
igneous rock is carved into a rugged mountain system. The main 
ranges of the Rockies, the Sierra Nevadas, Cascades, and many other 
mountain chains are of this type. 

But not even the mountains made of igneous and metamorphic 
rock are everlasting. They, too, are peneplained in time by erosion. 
Likewise they can be (and have been) rejuvenated by uplift. The 
hard cores are not destroyed when the mountains are planed down; 
the renewed erosion brought about by an uplift will re-create moun¬ 
tains out of the harder rocks by removing at a faster rate the associ¬ 
ated less resistant rocks. 

Faulted mountains. Some mountain ranges have been 
elevated by faulting. Erosion carves mountains out of the upraised 
rock, at the same time obliterating the fault scarp. Fault mountains 
of this type will be destroyed when erosion lowers the surface of the 
upfaulted rock to the level of the surface across the fault. However, 
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if faulting has thrown together rocks of unequal hardness, differen¬ 
tial erosion will take place whenever the rock surfaces adjacent to 
the fault stand above base level. Mountains can therefore be made 
by the uplift of an area in which the rocks were faulted during a past 
period of diastrophism. The ideal condition for this type of moun¬ 
tain range is where crystalline rocks have been faulted against rela¬ 
tively soft sedimentary rocks. Some of the ranges of the Rocky 
Mountain system have had this origin (Fig. 150). 

There are, therefore, two types of faulted mountains: one in 
which the mountains are carved from an upfaulted block of rock, 
and the other in which differential erosion has created mountains 
out of uplifted rocks which were faulted during a previous period 
of diastrophism. 

The best known example of fault block mountains are the Great 
Basin ranges which lie between the Rockies and the Sierra Nevadas. 
These ranges have been carved from great blocks of rock which 
were faulted up and simultaneously tilted. 

Mountains of the butte and mesa type. There remain 
to be described the mountains which are formed during the destruc- 



■ fig. 150. Upfaulted resistant crystalline rocks in background; relatively soft 
sedimentary rocks in low area in fore-and middleground. Teton Mountains 
indjackson Lake, Wyoming. Courtesy Union Pacific Railroad. 
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tion of an uplifted region, such as a plateau, which is underlain by 
flat lying rocks. Because the latter tend to be worn down more 
evenly than do the mountains consisting of folded or crystalline 
rocks, they have lesser magnitude as a general rule. They are formed 
because some of the flat-lying beds are more resistant to the forces 
of erosion than others; these become the “cap rocks” of mesas and 
buttes, topographic features which were described in Chapter 5. 
When erosion has completely removed a cap rock, the underlying 
softer rocks are soon stripped off, and the next hard layer becomes 
the cap. The harder layers on the flanks of a butte or mesa, the cap 
rocks of the future, can be recognized by their steep faces which 
interrupt the normal slope of the hillside. Also, the softer rock im¬ 
mediately above a resistant bed may be cut back, creating a bench or 
terrace. 

Most mesas and buttes are capped by hard beds of sandstone. Other 
relatively resistant rocks are limestones and solidified lavas. The 
softer rock that lies between the hard formations is, in most 
instances, a shale. Lava-capped mesas of sufficient height to qualify 
as mountains occur in southern Colorado, New Mexico, and else¬ 
where. The Southwest also contains many mesas and buttes with 
sandstone cap rocks. Erosion by tributaries of the Colorado River 
in Grand Canyon has formed buttes high enough to be considered 
mountains. 


METAMORPHISM AND MET AMORPHIC ROCKS 
Metamorphism literally means change of form. Igneous and sedi¬ 
mentary rocks in the earth’s crust may be changed (metamorphosed) 
into quite dissimilar rocks, called metamorphic rocks. These rocks 
have either a characteristic texture or mineral assemblage, or both, 
which distinguish them from all other rock types. 

Diastrophism is a primary cause of metamorphism. In some cases 
it operates directly, as when compressive movements in the earth’s 
crust create greater pressures than the original rocks can stand, with 
thte result that these rocks become metamorphosed. This is known as 
dynamic metamorphism. Metamorphism by vertical pressure and 
beat may be brought about by deep burial, in which case diastro¬ 
phism is a less direct but none the less essential cause of metamor¬ 
phism, for deep burial can occur only through crustal movements 
which depress a part of the crust so that deposition of sediment may 
take place. Metamorphism caused by the weight of overlying rock, 
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plus increased earth temperature due to greater depths, is called 
static metamorphism. 

Metamorphism can also result from the intrusion of magma. This 
process, known as contact metamorphism , was described in the pre¬ 
ceding chapter. The results of contact metamorphism differ consid¬ 
erably from those of regional metamorphism , which includes both 
dynamic and static metamorphism. Contact metamorphism, as the 
name implies, is confined to a relatively narrow zone adjacent to the 
contact of an igneous intrusive, whereas regional metamorphism af¬ 
fects a vastly greater volume of rock. Magmas may also introduce 
new elements and compounds into the adjacent rocks, so that new 
minerals, which consist, in part at least, of elements which were not 
hitherto present, are formed in the contact rock. In regional meta¬ 
morphism also, new minerals may be made, but these are formed 
solely through the rearrangement of elements already present. Chemi¬ 
cal analyses of a rock before and after regional metamorphism would 
be very similar. 

Agents of metamorphism. The agents of metamor¬ 
phism are heat, pressure, water, and gases. As a general rule these 
agents are all in operation during metamorphism, so the product is 
a result of a combination of forces. However, in different types of 
metamorphism some agents may be decidedly more active than 
others. 

Relatively high temperatures may be due solely to deep burial. 
Temperature increases below the surface so that a rock buried a few 
thousands of feet deep is heated to an appreciably higher tempera¬ 
ture than a rock lying at or near the surface. Heat is also generated 
by friction during diastrophism if the forces are great enough to 
cause faulting, shearing, or rock flowage. Another source of heat is 
intruded magma, of far greater importance in contact than in re 
gional metamorphism. The main function of heat in metamorphism 
is to dehydrate the water-containing minerals and to speed up the 
chemical and physical processes that take place. The solubility of 
minerals in the interstitial (between the grains) water is greatly in¬ 
creased by heat,.and very high temperatures soften the mineral grains 
and allow them to change their shapes under pressure. 

Abnormal pressures on the rocks in the earth’s crust may be created 
in several ways, Pressure can be caused by deep burial, for the weight 
of a few thousands of feet of overlying rock is very great. Some mag- 
mas are intruded with sufficient force to disrupt and push aside the 



323 


Diastrophism and Its Effects 

rocks in their way. But probably the most intense pressures are those 
created by diastrophism of the mountain-building type. In this case 
the rocks may be greatly squeezed by pressures which vary widely in 
intensity in different directions. The result may be a profound 
change in the character of the rock. High pressures also aid the 
solution of minerals in interstitial water. Where pressures are much 
greater in one direction than another, the minerals surviving the 
metamorphism may suffer change in shape, and the new minerals 
which form will have orientations controlled by the pressure direc¬ 
tions. The effects of pressure will be more fully described in the fol¬ 
lowing section where the results of metamorphism are discussed. 

Water is essential to metamorphism. It may be present as connate 
water, which occurs between the grains in a sedimentary rock and 
which is residual from the water in which the sediments were de¬ 
posited. It may be meteoric (rain) water which has joined the 
ground-water circulation; or the water may be of magmatic origin, 
either left in an igneous rock at the time it crystallized or occurring 
in any type of rock by penetration from an igneous intrusion some¬ 
where in the vicinity. During metamorphism additional water may 
be made available through the dehydration of water-containing min¬ 
erals in the rock. The main function of water during metamorphism 
is to act as a solvent for compounds in the rock which are unstable 
under the changed conditions of temperature and pressure. The ma¬ 
terial thus taken into solution in the interstitial water immediately 
reprecipitates in forms which are stable in the new environment. 
Water, therefore, acts mainly as a vehicle of metamorphism. 

Other agents of metamorphism are compounds and gases in solu¬ 
tion in the interstitial water, and similar materials which are released 
from the minerals in the rock during metamorphism. Connate water 
contains salt and other compounds which were in solution in the 
original sea water. Meteoric water may contain oxygen, carbon di¬ 
oxide, and various soluble solids picked up during its travels. The 
elements and compounds, both solid and gaseous, which may be in 
solution in magmatic water are many and varied. Metamorphism of 
rocks containing carbonate minerals, such as limestones and dolo¬ 
mites, may release carbon dioxide; pyrite and other sulphide min¬ 
erals are sources of sulphur. These various elements and compounds 
are available for chemical interactions with the minerals composing 
the rocks undergoing metamorphism. If the temperatures are high 
enough, these volatile fractions of the rock, including the interstitial 
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water, may be in gaseous form, but the reactions taking place are 
the same. 

Results of metamorphism. The principal result of 
metamorphism is the formation of metamorphic rocks from rocks that 
were originally sedimentary or igneous. This result may be obtained 
through a simple’ process, such as the re-crystallization of calcite, 
which converts limestone to marble, but in most cases it is brought 
about by several processes operating at the same time. 

One result of metamorphism is the dehydration of minerals that 
formerly contained water. Thus the clay minerals, which are hydrous 
silicates of aluminum, may be changed to anhydrous aluminous sili¬ 
cates through the expulsion of the water of crystallization (chemi¬ 
cally combined water). A somewhat analogous process is devolatili¬ 
zation, best illustrated by coal, which is altered from lignite through 
bituminous to anthracite and even graphite (pure carbon) by meta¬ 
morphic processes which cause the volatile constituents to be driven 
out of the carbonaceous material. 

Recrystallization of the minerals contained in the rocks is a very 
common result of metamorphism. It occurs when increased tempera¬ 
tures or pressures, or both, create an environment in which the orig¬ 
inal minerals can no longer exist. Consequently they recrystallize 
into forms which are stable in this new environment. In its simplest 
form recrystallization recreates the same mineral, but in larger, inter¬ 
locking grains. Marble is an example. The smaller .grains of calcite 
in a limestone become unstable at high temperatures and pressures 
and go into solution in the interstitial water, to be immediately re¬ 
precipitated on the larger grains. The condition of instability is cor¬ 
rected by the development of large crystals, which grow at the 
expense of the smaller crystals. More often the elements composing 
some of the minerals in a rock undergoing metamorphism are forced 
to recombine into an entirely new set of minerals which are stable 
under the changed conditions. Some of these metamorphic minerals, 
such as mica and garnet, may be formed also by other processes, but 
certain other minerals are characteristic of metamorphism and are 
found only in rocks of this type. Examples of the latter are three sili¬ 
cates of aluminum: sillimanite, kyanite, and andalusite. 

Where the, pressures to which rocks undergoing metamorphism are 
subjected are much greater in one direction than another, profound 
changes are made in the physical appearance of the rock. Minerals, 
such as quartz and feldspar, which remain chemically stable through 
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the metamorphic action, may be crushed or squeezed, so that the 
grains become elongated normal to the direction of most intense 
pressure. New minerals formed through recrystallization, if they tend 
to be tabular (such as mica) or elongate (such as hornblende), nat¬ 
urally grow most in the direction of least resistance, which is at right 
angles to the direction of most intense pressure. Because this direc¬ 
tion of greatest force is the same at any one place, the minerals de¬ 
formed by squeezing, and the tabular and elongate crystals produced 
during recrystallization, will all have parallel orientation of their 
longer axes. The result is a banding or foliation (segregation of the 
minerals into dominant planes) of the rock. Fine-grained metamor¬ 
phic rocks, such as slate, may have a well developed cleavage . The 
cleavage planes likewise lie normal to the direction of most intense 
pressures. The metamorphism of a sedimentary rock may or may not 
destroy all traces of the original bedding planes; if the latter are still 
visible they $how no parallelism (except through mere Coincidence) 
with any bandan^or cleavage planes that may be present. 

Hot, deeply buj+QjJ rocks subjected to strong pressures may be¬ 
come folded, crumpled, and otherwise deformed through flowage. 
Any pre-existing bands, including veins and dikes of igneous rock. 



Fig. 151. Contorted chert beds, Seldovic Bay, Alaska. By U. S. Grant Cour¬ 
tesy Geological Survey, U. S. Department of the Interior . 
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are contorted by this process. Crumpled, banded rocks are fairly 
characteristic of the older metamorphic rocks of the earth’s crust 
(Figs. 151 and 152). 

Varieties of metamorphic rocks. Metamorphic rocks 
have various characteristics that distinguish them from other types 
of rocks and from each other. In many metamorphic rocks texture is 
a distinguishing medium. As noted in a preceding paragraph, the 
minerals may occur in distinct bands. If these bands are fine the tex¬ 
ture is spoken of as schistose; if coarse, the texture is gneissic. Suffi¬ 
cient characteristics of the original rock remain in some metamorphic 
rocks to permit recognition, in which case the name of the original 
rock is coupled to that of the metamorphic rock (example: granite- 
gneiss) . In other cases metamorphism has obliterated the identity of 



Fig. 152. Highly contorted schist injected by gold¬ 
hearing quartz veins. Scale is six inches in length. On 
2600-foot level of Homestake Mine, Lead, South 
Dakota. Courtesy Homestake Mining Company. 
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the original rock. However, the texture of a rock has a decided con¬ 
trol on grain size after metamorphism; dense rocks such as basalts 
and shales as a general rule produce finer-grained metamorphic rocks 
than do the relatively coarse-grained granites and sandstones. The 
mineral content of a few metamorphic rocks, such as marble and ser¬ 
pentine, determine its identity, in other cases the presence of a min¬ 
eral creates a sub-variety (examples: mica schist). A table of the more 
common metamorphic rocks, classified according to the original 
rock, follows: 

METAMORPHIC ROCK TABLE 


Original Rock Metamorphic Rock 

i Igneous 

Granular rock_ Gneiss 

Dense rock .. . Schist 

II. Sedimentary 

Limestone _ Marble 

Sandstone. Quartzite 

Sandstone, quartzite, conglomerate_ Gneiss 

Shale ____(Slate 


} Schist 

“Soft” (lignite or bituminous) coal “Hard” (anthracite) coal or 

graphite 

Gneisses are hard, coarsely banded rocks (Fig. 153). The original 
rock was a coarse-grained igneous or sedimentary rock. Most gneisses 
are derived from granite and consist largely of feldspar and quartz. 
Mica is usually present, with the plates parallel to the banding. Many 
gneisses are severely crumpled, due to a change in the direction of 
pressure after the bands are formed. 

A schist is a finely banded, foliated rock that tends to split parallel 
to the bands. Schists are derived from dense igneous or sedimentary 
rock. Mica is especially common in thin books and plates parallel to 
the banding. Flaky particles of talc, chlorite, or graphite may be pres¬ 
ent, oriented in the same manner. In some schists coarse minerals, 
created by the metamorphism, occur as “knots” or metacrysts around 
which the layers bend. Garnet, magnetite, pyrite, and several less 
common minerals, which are found in metamorphic rocks only, may 
appear as metacrysts. 

Quartzite is both a sedimentary and a metamorphic rock. Sedi¬ 
mentary quartzites (Chapter 9) are merely silica-cemented sand- 
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stones; metamorphic quartzites are produced by the recrystallization 
of the quartz grains into an interlocking aggregate. 

Serpentine is formed through the chemical alteration of iron and 
magnesium containing minerals which occur in dark-colored igneous 
rocks. It is green in color and a relatively soft rock. 

Recrystallization of limestone produces marble. The dominant 
mineral constituent of both limestone and marble is calcite, but in 
marble the calcite crystals are coarser and are interlocking. For this 
reason the rock takes a good polish. Some marbles are banded and 
beautifully colored. 

Slate is formed by the metamorphism of shale. It has a well devel¬ 
oped cleavage which makes the rock of considerable value for roof¬ 
ing and other purposes. Most slates are black, but shades of red and 
green also occur. 



,' fig.. 153. Characteristically banded gneiss forming valley wall at Sperry 
Glacier, Glacier .National Park. Photo by Hileman. Courtesy National Park 
Service. 
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Anthracite (Chapter 9 ) is metamorphosed coal. It is black and 
shiny. If the metamorphism is severe the coal becomes graphite (pure 
carbon). 

Cycle of rock formation. Metamorphic rocks are the 
third and last of the three groups of rocks that compose the earth’s 
crust. The initial source of all rock material is the magma, which 
solidifies into igneous rock. Any rock, whether it be igneous, sedi¬ 
mentary, or metamorphic, may become engulfed and dissolved in an 
upward-moving magma, or it may be buried to such depths that it 
becomes potential magma, and liquefaction takes place when pres¬ 
sure is released. All three types of rock may become sediment through 
processes of erosion, transportation, and deposition. Igneous and 
sedimentary rocks become metamorphic rocks through the various 
metamorphic processes. A metamorphic rock may be re-metamor¬ 
phosed by the same processes; its original identity becomes more 
difficult to recognize with each period of activity. 

ECONOMIC RESULTS OF DIASTROPHISM 
Diastrophism produces two distinct types of economic results. 
One is the creation, through metamorphism, of minerals and rocks of 
commercial value. The other is the control exerted by rock structures 
on the accumulation of oil, gas, and underground water, and on the 
position underground of other types of mineral deposits. 

Metamorphic rocks of economic value. The principal 
metamorphic building stones are marble and slate. The value of 
marble depends largely upon its coloring and its ability to take a fine 
polish. Vermont is the principal producing state, but in spite of its 
availability in the United States, marble is still imported from the 
famous quarries at Carrara, Italy. Slate owes its value to its cleavage, 
which permits the quarrying of large thin slabs, and to its colors. 
This rock occurs among the metamorphic rocks in the eastern part 
of the United States, and is mined chiefly in Pennsylvania. Another 
metamorphic rock, anthracite coal, was discussed with the other varie¬ 
ties of coal in Chapter 9. 

Commercial minerals occurring in metamorphic rocks. 
Graphite like diamond, is pure carbon, but instead of being th? hard¬ 
est of all known substances it is one of the softest. It is slippery and 
black, and will mark paper. Graphite occurs disseminated through 
metamorphic rocks, especially schist, and in definite veins. Where dis¬ 
seminated, the carbon was originally carbonaceous material, such as 
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plant remains, but the organic elements other than carbon were vol¬ 
atilized and driven away by heat and pressure accompanying regional 
metamorphism. Where vein graphite is enclosed in sedimentary rock, 
and is parallel to the overlying and underlying strata, the logical 
conclusion is that the graphite was originally a bed of coal that was 
altertu to graphite through intense regional metamorphism. 

Graphite has been found and attempts have been made to exploit 
it in about three-fourths of the states of this country. However, 
mining has been profitable in only a relatively few localities. The 
leading graphite states are Alabama, Texas, Rhode Island, Nevada, 
and Michigan. It is found in Mexico also. The largest reserves of 
graphite are in Madagascar and Ceylon, and these islands are its 
chief producers. Graphite is made successfully in electric furnaces at 
Niagara Falls. More graphite is made there than is mined domes¬ 
tically. 

Graphite owes its industrial importance to the possession of the 
following four properties: its blackness, slipperiness, great resistance 
to heat, and electrical conductivity. Graphite, because of its slippery 
surface, is much used in foundry facings. Powdered graphite is sprin¬ 
kled over the mold so that the solidified casting can be separated 
from the mold without destroying the latter. At one time the leading 
use of graphite was in making crucibles for crucible steel. Graphite is 
likewise used in making crucibles for melting brass, bronze, and 
other alloys. The color of the mineral is responsible for its utilisa¬ 
tion in pigments, paints, and stove polish. It also has some usc as a 
lubricant. Due to its electrical conductivity graphite is used iri $ry 
batteries and for electrodes. The so-called “lead” in lead pencils is 
graphite, but this is a relatively insignificant use of the mineral in 
terms of annual tonnage consumed. 

Sillimanite is the name applied commercially to a group of alu¬ 
minum silicate minerals (one of which is sillimanite) that occur only 
in metamorphic rocks such as schists. When heated, these minerals 
change into a porcelain that is extremely resistant to high tempera¬ 
ture, sudden changes in temperature, and great vibration. Thirty 
years ago the greatest weakness of an internal combustion engine was 
its spark plugs. The widespread use in recent years of sillimanite has 
practically eliminated engine failure due to cracking of the spark 
plug porcelain. Sillimanite porcelain is also used in refractory labora¬ 
tory ware. The principal domestic source of sillimanite minerals is 
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the Inyo Mountains of California. These minerals also occur in Vir¬ 
ginia, North Carolina, and India. 

One type of commercial asbestos occurs in serpentine as a by¬ 
product of metamorphic processes. Asbestos occurs in the United 
States in such widely scattered states as Vermont, Arizona, Georgia, 
and North Carolina. However, most of the asbestos consumed in the 
United States (and this country uses more asbestos annually than 
does all the rest of the world) is imported from large deposits in 
Quebec and South Africa. 

The utilization of asbestos is based upon its resistance to heat, elec¬ 
tricity, and acid. The long-fibered or spinning asbestos is woven into 
cloth used in automobile brake linings and clutch facings, theater 
curtains, and firemen’s suits and gloves. If the asbestos is either in 
fibres too short to spin, or is in a matted condition, it is molded under 
great pressure into wallboard, pipe covering, and stove and furnace 
linings. It is also made into shingles, acid filters and other pieces of 
laboratory apparatus, artificial silk, and plaster designed to improve 
acoustic properties of auditoriums. 

Another metamorphic mineral utilized commercially is garnet. But 
few garnets are gem-worthy; practically the entire production is used 
for abrasive purposes, as in garnet (“sand-”) paper. Gneisses and 
schists are mined for their garnet content in New York and North 
Carolina. 

Zinc and manganese minerals occur in a commercially important 
deposit at Franklin, New Jersey. The ore, called franklinite, has suf¬ 
fered intense regional metamorphism which has altered the metallic 
minerals into compounds not found elsewhere. This is an exception¬ 
ally rare occurrence. 

“Traps” in which oil and gas accumulate. Once oil 
and gas have migrated into a reservoir rock, they continue to move 
through the reservoir rock until trapped. The direction of movement 
is up the dip, because oil and gas are lighter than the water which 
saturates almost all reservoir rocks. The trap which prevents further 
movement may be a structural condition such as an anticline or an 
unconformity, or it may be due to a decrease in the permeability of 
the reservoir rock, or even to a complete pinching out up-dip of the 
oil-bearing stratum. The structural traps are created by diastrophism, 
the other types by a combination of diastrophic movement and other 
factors, such as the character and extent of the original sedimentary 
deposit. 



332 


Geologic Processes 



Fig. 154. The trapping of oil by an anticline. The lighter-than-water oil 
rises through the water-filled sandstone to top of upfold. Further upward move¬ 
ment is prevented by impervious cap rock. By John Jesse Hayes. 


A trap which is capable of causing oil accumulation is known as a 
closed reservoir. This is a sandstone or other porous rock completely 
capped by materials impervious to the migration of oil. If a reservoir 
rock locally dips in opposite directions from a common point, pro¬ 
ducing an anticline, the reservoir becomes closed and oil migrating 
up either flank of the fold will be trapped beneath its arched” roof 
(Fig. 154). Domes are anticlines in which the strata dip away in all 
directions from a high point. Some oil-producing domes are.circular 
in plan, but most are elliptical. A special type is the salt dome found 
along the coasts of Louisiana and Texas. There folding has not been 
due to diastrophism of the mountain-building type, but to the intru¬ 
sion of a plug of salt which has arched or domed the overlying sedi¬ 
ments. The oil associated with salt plugs may occur in one or more 
of three possible places: (1) in reservoir rocks arched over the top oi 
the plug, (2) in the truncated and tilted sediments flanking the plug, 
the salt itself acting as an impervious barrier to further migration, 
and (3) in porous zones in the cap rock of the salt plug (Fig. 155). 

Reservoir rocks may also become closed through faulting. The trap 
in this case is caused by an inclined reservoir rock abutting an im- 




!i, F igf 155. Salt dome. The cylindrical mass of salt has been pushed through 
^Jayered rocks (dragging them up before piercing them), almost to the sur¬ 
face. Oil wells in center are producing from porous zones in the salt cap; two 
wells on the left tap a reservoir that has been dragged up and truncated by the 
salt plug. Where the salt mass did not reach so near the surface, oil may b$ 
obtained from the arched overlying strata. By John Jesse Hayes . 
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pervious rock at the fault plane. The impervious rock acts as a dam 
to the oil that migrates up the dip of the reservoir rock. 

Relatively unimportant reservoirs are those formed through the 
fracturing of rocks. Oil has accumulated in fractures in shale in a 
few localities. 

Reservoirs can be closed by varying porosity, as well as by folding 
or other movement of the rocks. For example, oil may migrate up the 
dip of a porous sandstone to the point where that sandstone wedges 
out. If the enclosing rock is impervious, the oil can move no farther 
and will become impounded below the upper end of the sand body. 
The greatest oil fields so far discovered produce from sandstones of 
this type that disappear up-dip. In some cases the porosity of the rock 
becomes less up-dip due either to increased cementation or to an in¬ 
creased percentage of shale or other fine-grained material. 

A sudden change from pervious to impervious conditions may oc¬ 
cur where folded and truncated strata are overlain by impervious 
younger sediments. In this case the oil moves up the dip of the tilted 
reservoir rock until it encounters the unconformable overlapping 



/ x-y . ■ 

Fig. 156.'Santa. Fe Springs, California, oil Geld. Production from beneath an 
orange grove. Gusher in foreground is inundating surrounding countryside 
'with oil. By permission Spence Air Photos. 


Diastrophism and Its Effects 


335 



Fig. 157. How not to exploit an oil field. Closely spaced town lot drilling is 
exceedingly wasteful. Signal Hill, California. By permission Spence Air Photos. 



Fig. 158. Elk Hills, California, oil field. Production from beneath barren 
hills. By permission Spence Air Photos . 
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rocks which prevent further migration. A somewhat analogous con¬ 
dition is found in some of the California and foreign oil fields. 
There, however, the folded and truncated sediments are not covered 
by younger sediments, but crop out at the surface. Normally under 
such conditions the oil migrates up the dip all the way to the surface 
and becomes dissipated. But because of escape of the volatile constit¬ 
uents of the petroleum, and perhaps also because of chemical reac¬ 
tions which take place near the surface, the seeping oil tends in time 
to become asphalt, a relatively impervious solid hydrocarbon. Event¬ 
ually asphalt may so clog the pores at the surface that further escape 
of oil is impossible, and oil begins to accumulate below the asphalt 
barrier. 

Local accumulation of oil in all of the commercial fields in the 
world has been due to one or more of the structural conditions just 





^Pig. 159. Oil wells jthat go to sea. A part of the Elwood, California, oil field 
lies beneath the waters of the Pacific. Some Gulf Coast oil fields are entirely 
off shore. By permission Spence Air Photds. 
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outlined (Figs. 156, 157, 158 and 159). The search for and recogni¬ 
tion of these favorable structural conditions is the province of the 
geologist. The structure of the sedimentary rocks over thousands of 
square miles of the earth’s surface has been mapped by petroleum 
geologists. The methods pursued will be discussed in Chapter 17. 

Other effects of rock folding and faulting . The move¬ 
ment of water through stratified rock is likewise controlled by 
structural conditions. Artesian pressure is due to water entering an 
inclined porous stratum. The direction of flow of water in confined 
aquifers (pervious beds sealed above and below by impervious strata) 
is down the dip. Therefore the ground-water geologist must pay par¬ 
ticular attention to the bed-rock structure. 

Rock structure is important to the miner also. Where diastrophism 
has occurred after a mineral deposit was formed, the deposit will be 
folded and faulted the same as the enclosing rock. For example, coal 
beds may occur in folded regions. Mapping the structural geology of 
the associated rocks may lead to the discovery of areas where the coal 
lies near the surface and may also give information as to the depths 
to the coal in synclinal areas. In order to follow a folded mineral de¬ 
posit underground, it is likewise necessary to know the structural 
geology, especially where faulting cuts across a bed or vein. Where 
an ore vein is deposited after diastrophism has taken place, the struc¬ 
ture of the rocks may determine the pathways followed by the ore- 
bearing solutions. Therefore, structural geology can also be used as 
an aid in the discovery of some types of mineral deposits. 




PART THREE 


Beneath the Crust 


The preceding chapters have dealt 
mainly with geologic processes. These 
processes operate largely at or close 
to the earth's surface, and the state - 
ments made concerning them have 
been based upon direct observations. 
Now we turn to the rest of the earth , 
the four thousand miles from the 
outermost skin to the center. Obvi¬ 
ously this study cannot be based upon 
visual observations, but indirect ob¬ 
servation and inference will be used 
instead . We must assemble all avail¬ 
able information concerning the 
earth's interior before proceeding to 
Part Four, "Earth Historyfor this 
knowledge is essential to the study of 
the earth's earliest history , or origin. 




CHAPTER 12 


The Earth’s Interior 


Our deepest canyons cut into the 
earth for distances of over a mile. The deepest mines permit men to 
penetrate beneath the surface for a distance of about a mile and a 
half, and the deepest oil well (at the time that this is written) has 
made available records down to a depth of slightly over three miles. 
We have, nevertheless, a surprising fund of information concerning 
the earth far below those levels. Some information has been gained 
by a study of the other astronomic bodies, especially the meteorites 
which are incessantly “pelting” this planet. Geodetic observations re¬ 
garding the shape of the earth give us clues regarding the past condi¬ 
tions of the material composing the earth. Geologic observations 
made at the earth’s surface furnish a number of clues concerning the 
character and behavior of the rocks at depths far beyond those attain¬ 
able by man. Of great value have been the geophysical data con¬ 
cerning the density of the earth, the compressibility of rocks, and 
especially the behavior of earthquake waves as they pass through the 
earth. This chapter describes various observations that bear upon the 
earth’s interior, and it ends with conclusions that these various data 
make possible. 

Astronomic observations. The earth is but an infini¬ 
tesimal part of the celestial universe. This cosmos consists of millions 
of stars of which our own sun is one. The stars are highly heated 
masses of incandescent gas. Important data regarding their chemical 
composition have been obtained by spectrographic methods. Most of 
the elements which make up the earth have been found in the sun’s 
spectrum. From this we can infer that we were once a part of the sun, 
and that therefore the earth was once a gaseous body. 

Held to the sun by the gravitative attraction of that large body are 
nine planets, one of which is the earth. The planets revolve about 
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the sun in orbits that are nearly circular. The larger planet? m.<- 
probably still in a gaseous or liquid state. Most planets have from 
one to nine satellites which revolve around them as our satel¬ 
lite, the moon, revolves around the earth, and in the same way 
that the planets revolve about the sun. Each satellite is similar chemi¬ 
cally to the planet that controls its orbit and is probably an offshoot 
of that planet. 

The study of our celestial neighbors leads to the conclusion that 
the earth was originally gaseous, and in all probability it passed 
through a liquid phase before becoming solid. The significance of 
the liquid phase will be brought out later in this chapter. 

Of considerable popular interest and of great importance to our 
study of the composition of the earth are meteors and meteorites. 
Meteors are celestial bodies too small to have definite orbits about 
the sun, as do the planets. Instead, they wander through space and, if 
they get sufficiently close to a planet such as the earth, are captured 
through the superior gravitative attraction of the larger mass. The 
speed of a meteor entering our atmosphere produces friction which 
turns the meteor white-hot, and the vast majority of meteors are com¬ 
pletely consumed before reaching the earth’s surface. Those that do 
survive are reduced to but a fraction of their former size and are 
called meteorites. The largest meteorite so far discovered weighs sev¬ 
eral hundreds of tons, but the smallest are little more than particles 
of. dust. 

Meteorites can be classified in three types. One type is compg$e$l of 
an alloy of iron and nickel (mainly the former), and will take-a pol¬ 
ish like any other metallic substance. These meteorites are guite dif¬ 
ferent from rocks found on the earth’s surface both in composition 
and density. However, we shall see later that the core of the earth is 
comparable in density to the metallic meteorites. The second type is 
the stony meteorite, which is composed of interlocking crystals of 
noil-metallic minerals. These are silicates of magnesium, iron, alumi¬ 
num, and other elements. The stony meteorites do correspond in ap¬ 
pearance and composition to some of the dark-colored igneous rocks 
found on'the earth’s surface. The third type of meteorite is a com¬ 
promise between these two extremes, consisting of a mixture of ir¬ 
regular masses of iron-nickel alloy in a surrounding ground mass 
of ?ilicate minerals. W 

Meteorites interest us because they indicate the type of material 
composing the solid bodies in the solar system. They consequently 
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give us clues as to what the composition of the earth’s interior may 
be. 

Geodetic observations. Geodesy is the science that 
deals with the shape of the earth. Accurate surveys have shown that 
our globe is not a true sphere, for its polar diameter is about twenty- 
seven miles shorter than its equatorial diameter. In all probability 
the explanation of this difference lies in the centrifugal forces, set up 
by the rotating earth, which cause it to bulge slightly at the equator. 

Geologic observations. The character of the outer part 
of the globe can be determined by geologic observation. In addition, 
studies made of the behavior of rock magmas result in conclusions 
that are applicable to the conditions of the earth as a whole when it 
was a liquid sphere. 

Geological observations made at the surface can be extended down¬ 
ward in certain instances. For example, where granite occurs in re¬ 
gions of great topographic relief it extends below the deepest exposed 
levels; therefore all granite is assumed to have considerable thickness. 
Furthermore, large-scale diastrophism has brought to the surface 
rocks which at one time have been buried to considerable depth. Vol¬ 
canic activity also brings to the surface materials from deeper levels, 
thus giving us some indication as to what lies beneath the surface. 

From geological explorations, mine and bore-hole data, and in 
part through supposition, it has been estimated that the outer ten 
miles of the earth consist of 95 per cent rock of igneous origin and 
only 5 per cent sedimentary rock. By far the greater part of the ig¬ 
neous rock is granite or granite gneiss. These rocks not only cover 
many thousands of square miles of surface, but also, as deep drilling 
for oil and gas has shown, form the “basement” rock in many areas 
where the surface consists of sedimentary rocks. 

It should be noted that these observations concerning the prepon¬ 
derance of granite have been made solely on the continents, and the 
continents include only one-fourth of the earth’s surface. Presumably 
the same conditions exist beneath those parts of the continental plat¬ 
forms which lie beneath the oceans, but that still leaves two-thirds of 
the earth’s surface, covered by the ocean basins, to which these con¬ 
clusions do not necessarily apply. As a matter of fact, the ocean basins 
show no evidence of containing any granitic rocks, although oppor¬ 
tunities for direct observation are few. Islands furnish the only good 
opportunity to examine the rocks occurring in the ocean basins. In¬ 
stead of being composed of granite, these islands consist of dark- 
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colored basaltic lavas. Even many of the coral islands have been 
found to consist of reefs capping submerged volcanic cones. Further¬ 
more, the ocean basins have been scenes of volcanic activity during 
historic time, and in every instance the magma brought to the sur¬ 
face has been of basaltic or allied type. 

A logical conclusion to draw from these facts is that the continents 
are underlain by a granitic crust and the ocean basins by a basaltic 
crust. But the continents also have had volcanic activity, and most of 
the eruptions have been of basaltic materials, Therefore, the conclu¬ 
sion is that volcanic conduits all over the world, whether they be on 
the continents or in the ocean basins, have access to basic magma 
which upon consolidation becomes basalt or allied rock. Further¬ 
more, seismological evidence, to be discussed later, leads to the belief 
that the granitic shell extends under the Atlantic and Indian Oceans 
but is absent beneath the Pacific and possibly the Arctic Oceans. The 
shell is only about half as thick beneath the Atlantic and Indian 
Oceans as beneath the continents, however. 

From geologic observation and seismologic evidence we conclude 
that the uppermost layer in the earth’s crust is a discontinuous shell 
of granite, overlying a continuous substratum of basaltic rock. 

One other geological observation may be applicable to the condi¬ 
tions existing in the earth’s interior. The examination of thick sills 
of igneous rock has shown that as a general rule the heaviest min¬ 
erals lie toward the bottom of the intrusion and the lighter minerals 
toward the top. Obviously the sorting took place as the minerals 
crystallized out of the magma, the heavier ones sinking in the magma, 
the lighter ones rising. The process by which this crude density strat¬ 
ification is produced is known as magmatic differentiation. It is not 
unreasonable to infer that this process may also have taken place 
while the entire earth was still molten, and a density stratification 
was the result. 

Geophysical observations. A geophysicist is one who 
studies the physics of the earth. It has been found through astronom¬ 
ical'observations that the average density of the earth is 5.52; that is 
to say, the earth is five and one-half times as heavy as an equal bulk 
of water. This is interesting information, for the average density of 
rocks available to us at and near the surface is only 2.7, and no or¬ 
dinary rock has a density much above 3. Therefore, in order to malt- 
an average density of 5.5, the material toward the center of the earth 
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must be considerably denser than 5.5. It is thought that at the center 
of the earth the density may be as much as 9 times that of water. 

This concept of an increase in earth density inward has other evi¬ 
dence in its favor. The astronomers have determined the moment of 
inertia of the earth, and from this have determined that, unlike a 
flywheel, which is heavier on the rim than at the center, the earth is 
much heavier at the center than it is about the periphery. 

Two explanations have been advanced for the increase in density 
between the surface and center of the earth. One of these is that 
squeezing of rock into smaller volume by the weight of overlying 
material results in a greater density closer to the earth’s center. This 
is an ingenious theory, but experiments on the compressibility of 
rocks under pressures comparable to those deep in the earth make 
this explanation untenable. Intense squeezing does result in an in¬ 
crease in density, but the amount of the increase is relatively negli¬ 
gible. Earth pressures are sufficient, however, materially to increase 
the rigidity of rock. The earth as a whole is as rigid as steel, and 
seismologic evidence shows that between the surface and the earth’s 
core the rigidity increases steadily. The rigidity of rock under pres¬ 
sure has been proven experimentally. 

There remains the second explanation tor the increase in density 
between surface and center of the earth. This postulates the pres¬ 
ence of heavier material, such as metal, in the earth’s core. The most 
intelligent guess that we can make concerning the identity of this 
metal is that it is iron. Although not abundant at the earth’s surface 
in metallic form, iron is nevertheless the fourth most common ele¬ 
ment in the earth’s crust. Furthermore, it is the dominant constit¬ 
uent of meteorites which, like the earth, are composed of cosmic 
material. It is probable that nickel is alloyed with this iron in ap¬ 
proximately the same proportion as in metallic meteorites. 

Seismologic observations. Earthquake waves were de¬ 
scribed in Chapter 11, but.it was not pointed out there that the 
velocities of the waves vary with the kinds of rock encountered. 
From laboratory measurements made on different types of rocks, it 
is possible to calculate the velocity with which earthquake waves 
would pass through those rocks. Therefore, from the time it takes an 
earthquake wave to pass from point of origin to the seismograph on 
which it makes its record, the velocity can be determined, and from 
it information can be gained concerning the types of rock traversed. 
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By studying the records, or seismograms, of thousands of earth¬ 
quakes which have sent waves through all parts of the earth, it has 
been found that at a number of levels within the earth an abrupt 
change in wave velocity takes place. These concentric zones of veloc¬ 
ity change are referred to as “discontinuities',” and it is natural to As¬ 
sume that they designate a place where a change in rock density and 
type occurs. 

Seismologists have found two major discontinuities in the earth. 
The upper one lies at a depth of about thirty miles. As the waves, 
travelling at about 5i/£ kilometers per second, get down to this level, 
they speed up to a velocity of about eight kilometers per second, 
which is about what one would expect in an ultra-basic rock. Ultra- 
basic rocks contain more iron and. magnesium and less silica than 
basic rocks, such as basalt. They are relatively scarce at the earth’s 
surface, but the stony meteorites are similar in composition. Appar¬ 
ently the thirty-mile discontinuity separates the earth’s crust from 
an intermediate zone composed of rock similar to stony meteorites. 
The other major discontinuity is found at a depth of about 1,860 
miles. This discontinuity separates the intermediate zone from the 
very dense core. 

Several minor discontinuities have been found in the intefme- 
diate zone, and one in the outermost shell (or crust). The latter 
marks the boundary between the granitic and basaltic,, layers. The 
thickness of the granitic shell ranges from zero in the Pacific Ocean 
Basin to from six to eighteen miles in the continental areas. 

The minor discontinuities within the intermediate zone probably 
mark boundaries between rocks of slightly different chemical and 
mineralogical composition. The earthquake waves travel faster in 
the inner shells, showing that those rocks are more dense. A possible 
explanation for this density stratification, the process of magmatic 
differentiation, was given in an earlier paragraph. No discontinuities 
have been found in the core; apparently this is a homogeneous mass. 

Temperature observations. Even the ancients were 
aware that the interior of the earth is hot. The existence of volca¬ 
noes with their outpourings of molten lava and hot gas is sufficient 
evidence of this. Hot springs and geysers furnish additional evi¬ 
dence. Even some artesian waters which have been carried to depths 
of several thousand feet between intake and outlet are abnormally 
warm, ; 
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Actual temperature readings have been made of lava lakes, lava 
flows, and of volcanic gases as they emerged from their vents. Tem¬ 
perature readings have also been made of hot springs, and of the 
water in geyser tubes. 

Of course, these evidences of heat within the earth are found 
mainly in regions of present or recent igneous activity; but the evi¬ 
dence of heat beneath the earth’s surface is not confined to such 
regions. Temperature readings have been made in deep mines and 
bore holes. The deepest that man has penetrated in person into the 
earth is in the Rand gold district of South Africa, where the bottom¬ 
most workings are more than 8,000 feet below the surface. It is nec¬ 
essary in such deep mines to put in an elaborate air-cooling system 
in order that the miners may be able to work. The high tempera¬ 
tures encountered in mine workings can be explained in part by the 
heat produced through the oxidation of sulphide minerals after ex¬ 
posure to the air; but since sulphide minerals are scarce in deep bore 
holes, the readings obtained by lowering thermometers into them 
are considered to be reliable indices of earth temperature. Tempera¬ 
ture readings have been made in some hundreds of bore holes down 
to a depth of 15,000 feet. There is considerable variation in temper¬ 
ature gradient from one locality to another, but the average is about 
1 degree Fahrenheit for every 60 feet. Therefore, the rocks at a depth 
of but a mile are on the average nearly one hundred degrees hotter 
than the rocks close to the surface. The highest temperature obtained 
so far was at the bottom of a 9,000 foot hole in California where the 
temperature was 244 degrees Fahrenheit, or 32 degrees above the 
boiling point of water (at surface pressure). The effect of pressure 
on the melting point of rock was discussed in Chapter 10. 

No one knows how hot the center of the earth is. It obviously 
would be hazardous to extrapolate (extend) downward to a depth 
of 4,000 miles the rate of temperature increase obtained by measure¬ 
ments in the outermost three miles of the earth. As a matter of fact, 
many geophysicists believe that the rate of temperature increase 
diminishes downward. 

The reason for the internal heat of the earth is a subject of inter¬ 
esting speculation. According to the previously mentioned theory 
that the earth was at one time a highly heated mass of gas which has 
cooled and contracted into its present size and condition, the heat 
is residual, and the earth is continuing to cool and contract. This 
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is a favorite explanation for the world-wide diastrophic revolutions 
which resulted in local crustal shortening by folding and overthrust 
faulting. 

Conclusions. From knowledge obtained, by astrono¬ 
mers, of the celestial universe and especially of our solar system; 
from a study of meteorites which are samples of cosmic material; 
from knowledge obtained regarding the shape of the earth, its mo¬ 
ment of inertia, density, and internal temperature; from studies 
made of rock compressibility; from observations made of gravitative 
differentiation of magmas intruded into thick sills; from geologic 
observations of continental granites, and of both oceanic and con¬ 
tinental basalt flows; and from the records made of thousands of 
earthquake waves which have travelled through the earth, we are 
able to reach the following theoretical conclusions: 

(1) The earth was once gaseous and then liquid before becom¬ 
ing solid. 

(2) The earth is composed of a core surrounded by concentric 
shells of material of decreasing density. It has the rigidity of steel. 

(3) The core is 4,200 miles in diameter and its periphery lies at 
a depth of about 1,830 miles. It is homogeneous and has a density 
about nine times that of water. As to whether it is liquid or solid is 
still open to question. The most intelligent guess regarding the com¬ 
position of the core is that it consists of iron, probably with some 
nickel, similar to iron meteorites. 

(4) The intermediate zone is about 1,800 miles thick, with its 
periphery only about 30 miles below the earth’s surface. It consists 
of several shells. This zone is thought to consist of ultra-basic igne¬ 
ous rocks, similar in composition to the stony meteorites. 

(5) The crust averages about 30 miles in thickness. It is divided 
into two shells. The lower one, which completely girdles the globe, 
is basaltic. The outer or granite shell is not present in the ocean 
basins. Over the continents it ranges in thickness from 6 to 18 miles. ' 

(6) Superimposed in places upon the granite shell is a relatively 
thin and insignificant veneer of sedimentary rocks, lava flows, and 
mantle. 
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PART FOUR 


Earth History 


One of the most fascinating branches 
of Geology is Historical Geology, in 
which the history of our planet and of 
life is deciphered , mainly from evi¬ 
dence contained in the rocks of the 
earth 9 s crust . The following chapters 
discuss the origin of the earthy which 
is largely conjectural, the physical 
history of the earth , and the develop¬ 
ment of plant and animal life from 
their simple beginnings to the rela¬ 
tively complex forms of today . . . 




CHAPTER 13 


Origin and Age of the Earth 


All of the leading hypotheses of 
earth origin can be classified in two groups: (1) nebular hypotheses 
and (2) tidal disruption hypotheses. A nebula is a great cloud o£ 
celestial matter in gaseous form. Tidal disruption is a tearing apart 
through tidal forces. Both groups of theories attempt to explain the 
origin of the entire solar system, and both accept all of the members 
of the solar system as having once been a part of the same celestial 
body. The essential difference between the two sets of hypotheses is 
that, in the nebular theories, the action that takes place is mainly that 
of shrinkage, so that the orbits of the planets occupy space formerly 
filled by the sun, or in reality its ancestor, the nebula, whereas in the 
tidal disruption hypotheses, the members of the solar system have 
been pulled out and away from the sun and follow orbits through 
space which were never occupied by the sun. 

THEORIES OF EARTH ORIGIN 

The leading nebular hypothesis, the Laplacian, was universally 
accepted for a period of about 100 years, the span of the nineteenth 
century. Now, for reasons which will be considered shortly, it has 
been abandoned. It is described here because of its ingenious char¬ 
acter and historical importance. Although tidal disruption theories 
succeeded the nebular hypotheses as possible explanations for earth 
origin, the astronomers have become quite skeptical concerning 
them, but have not advanced any acceptable substitute theories. 

Nebular hypotheses. Nebular hypotheses are based 
upon the astronomical fact that in our solar system the planets re¬ 
volve about the sun in the same direction, following nearly circular 
orbits which lie almost in the same plane. The French philosopher, 
Laplace, published in his nebular hypothesis in 1796 forty years after 
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Immanuel Kant, the great German philosopher, had evolved the first 
nebular hypothesis. The Laplacian hypothesis was the first to gain 
universal acceptance because it was in accord with astronomical facts 
and physical laws known at that time. 

According to the Laplacian hypothesis, the space now occupied by 
the entire solar system was originally a rotating nebula composed of 
intensely hot gas. Loss of heat caused contraction of the nebula which 
in turn caused an increase in speed of rotation. The increase in speed 
was accompanied by the formation of ring-shaped bulges around the 
equator of the nebula. The three concentric rings which surround 
Saturn were used by Laplace to illustrate his hypothesis. Eight rings 
were evencually squeezed off the nebula (the ninth planet, Pluto, had 
not been discovered at the time this hypothesis was evolved). One by 
one the rings broke and gathered together in spherical masses which 
cooled, contracted, and, in the case of the smaller planets, liquefied 
and eventually solidified. Thus were the planets formed. After the 
eighth ring was squeezed off, the nebula continued to cool and con¬ 
tract into our present sun. 

The satellites were born from the planets in the same way. Before 
each planet solidified, it squeezed off from one to nine rings which 
became the “moons” of that planet. The three rings of Saturn are 
considered to be potential satellites which have not yet completely 
formed. 

Astronomical discoveries during the last few decadds have ne¬ 
cessitated the complete abandonment of the nebular hypotheses. 
For example, it was found that two of the moons of Jupiter, and 
one of Saturn, are retrograde; that is to say, they revolve in an 
opposite direction to that followed by the other satellites. In no 
way can this retrograde movement be fitted into the nebular idea. 
Also it has been found that the plane of rotation of the sun does 
not coincide with the plane of the planetary orbits, as it should, 
had the planets been squeezed off from the sun’s equator. A num¬ 
ber of other important objections to the nebula hypotheses could 
be cited. 

Tidal disruption hypothesis. In the closing years of 
the last century when the Laplacian hypothesis was being seriously 
weakened by new astronomical discoveries, two Americans, Chamber¬ 
lin and Moulton, formulated a “planetesimal” hypothesis. Included 
in this hypothesis was the concept of tidal disruption of the sun. 
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Within a few years the tidal disruption hypothesis became the lead¬ 
ing theory of origin of the solar system, a position which it still holds. 

Tidal disruption of the sun was brought about through the gravi- 
tative attraction of another passing star. Although astronomers state 
that the chances of one star passing close enough to another to cause 
tidal disruption are extremely small, yet such an “accident” had to 
happen only once to produce our solar system. Tidal effects are felt 
on both sides of a sphere, so disruption took place both on the side of 
the sun toward the passing star and on the opposite side. The dif¬ 
ferent tidal eruption hypotheses vary in the physical state of the ma¬ 
terial pulled out of the sun and the manner in which it accumulated 
into planets, satellites, and other members of the solar system. The 
best known tidal disruption hypothesis (in the United States, at 
least) is the planetesimal, which will be briefly sketched in the fol¬ 
lowing paragraphs. 

Planetesimals are bodies in our solar system considerably smaller 
than planets, but behaving like planets in that they have definite or¬ 
bits. The passing star pulled “knots” of gas from the sun. The erup¬ 
tions were pulsatory because of the viscous resistance of the sun mass. 
The knots or bolts changed from gas to liquid to solid almost in¬ 
stantly due to the intense cold encountered. The large knots were 
embryo planets, and the smaller knots were embryo satellites. Still 
smaller particles pulled out from the sun were planetesimals. All 
were given orbits about the sun through the continued but dimin¬ 
ishing attraction of the passing star. The planets and satellites grew 
to their present size by gathering up the much smaller planetesimals 
while following their orbits about the sun. The incessant bombard¬ 
ment of the planetesimals raised the temperature of the earth and 
produced the interior heat which we know to be present. Tempera¬ 
tures sufficiently high to liquefy the rocks were locally produced, so 
constant igneous activity was taking place while the earth was grow¬ 
ing from its embryonic condition to its present size. 

Several objections to the planetesimal theory have been raised. The 
strongest of these is that it does not adequately explain the density 
stratification of the earth. This objection led another American geol¬ 
ogist, Joseph Barrell, to propose a modification to the planetesimal 
hypothesis in 1918. Barrell suggested that even though the “knots” 
pulled out of the sun became solid, subsequent bombardment by 
planetesimals caused liquefaction, so the earth, at the time it ceased 
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growing-, was a liquid sphere. Before it solidified to its present condi¬ 
tion the heaver (iron-nickel) material sank toward the earth’s center 
and the lighter material rose toward the surface. 

Two British scientists, H. Jeffreys and the late Sir James H. Jeans, 
have suggested that the tidal disruption of the sun produced two long 
arms of gas instead of knots. Each arm or jet was thick in the middle 
and thin on the end. The ends liquefied and broke off, eventually 
solidifying and becoming the smaller planets. The gaseous bodies 
formed toward the middle of the jets remained gaseous as are Jupiter 
and Saturn today. The satellites were formed in the same way, by 
being pulled out of the planets as the orbits of the latter took them 
near the sun. 


SUBSEQUENT HISTORY OF EARTH 
Origin of atmosphere and hydrosphere. The atmos¬ 
phere is the envelope of nitrogen, oxygen, carbon dioxide, water 
vapor, and inert gases that completely encircles the earth. It is not 
very thick when compared with the diameter of the earth. The atmos¬ 
phere is held to the earth instead of being thrown off into space, be¬ 
cause the gravitative attraction of the earth is greater than the cen¬ 
trifugal force. The hydrosphere is the discontinuous and relatively 
thin shell of ocean water that overlies the rocks of the earth (litho¬ 
sphere) in many places. About 75 per cent of the earth’s surface is 
covered by the hydrosphere. 

The atmosphere and hydrosphere probably had the same origin. 
An increase of about 200 Fahrenheit degrees in temperature at the 
surface of the earth would produce a temperature which would still 
be insignificant when compared with that a short distance below the 
surface, and yet it would be sufficient to convert our entire hydros¬ 
phere into atmosphere. Presumably in the unknown past the reverse- 
of this took place: the temperature dropped below the vaporization 
point of water and water vapor in the atmosphere became hydros¬ 
phere. Three leading explanations have been offered for the origin 
of the atmosphere: 

(1) Not all of the planetesimals that were pulled in to the earth 
during its growth from the nucleus were solid. Some were gaseous, 

. and as these were added they increased the volume of the atmos¬ 
pheric shell of the earth. 

(2) If the earth was originally a cooling contracting gaseous 
’* globe, die atmosphere could be residual vapor which failed to 

liquefy and solidify. 
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(3) The. atmosphere has been produced through igneous activ¬ 
ity, mainly volcanism. Volcanologists have obtained samples of the 
vapor given off by active volcanoes and have analysed these gases. 
Water vapor is a predominant constituent, but the elements which 
compose the atmosphere are also present. 

Origin of continents and ocean basins. Although the 
seas have encroached upon the continents many times in the geologic 
past, and although, without doubt, certain areas which are now sub¬ 
merged beneath the ocean have been emergent in the past, such sub¬ 
mergences and emergences have taken place without serious change 
in the major relief features of the earth's surface. The continents are 
platforms which stand on the average about 3 miles above the floors 
of the surrounding ocean basins. The submergences have been due to 
a continental tilting or warping which permitted large areas to dip 
down beneath the level of the ocean, and thereby become covered 
with relatively shallow sea water. This action would not seriously af¬ 
fect the relative positions of the continental platforms and the ocean 
basins. The ocean basins were formed before the dawn of traceable 
geologic time and have remained in existence ever since. 

In the preceding chapter the outermost shell (35 miles) of the 
earth was described as consisting of a continuous layer of basaltic 
rock, overlain in the continental areas by a veneer of acidic rocks, 
principally granite and granite gneiss. Although this basaltic shell is 
continuous, it is not consistent in thickness. It is probably over 30 
miles thick beneath the ocean, and may not be over 10 miles thick 
beneath the granitic shell that caps the continents. The granite 
masses are pushed down into the basaltic layer so that they are both 
underlain and bordered (around the edges of the continents) b) 
basaltic rock. A possible explanation for this will be given presently. 

The presence of granite above the basalt is readily explainable 
through processes of magmatic differentiation. It has been found in 
the case of thick sills and laccoliths that the heavier constituents of 
the magma upon crystallization tend to sink to the bottom and the 
lighter constituents rise toward the top. The essential minerals of 
granite, quartz and feldspar have lighter densities than the essential 
minerals of basalt, and it is quite conceivable that, during the solidi¬ 
fication of the 35-mile surface shell of the globe, granite could dif¬ 
ferentiate from basalt through the process just outlined. But as to 
why the upper lighter layer should be discontinuous leads one deeply 
(and fruitlessly) into the realms of conjecture. 
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The theory that the Pacific Ocean basin was formed, through the 
tearing out of the moon will be described subsequently. Belief in this 
theory would explain the origin of our largest ocean basin but would 
not explain the origin of the smaller ones. 

Geophysicists explain the differences in elevation between the con¬ 
tinents and the ocean basins by the principle of isostasy. According to 
this principle, different segments of the earth’s crust are in equilib¬ 
rium (balance) with other segments; the differences in height of 
these blocks being explained by differences in density. In other 
words, the mountainous areas are high because they are composed of 
lighter rocks, and the continents rise above the ocean basins for the 
same reason. An analogy is the iceberg, which rises above the level of 
the sea because it is composed of slightly lighter material. However, 
because that difference in density is slight, most of the iceberg is sub¬ 
merged. In the same way the lighter granitic continents, immersed in 
the heavier basaltic shell, “float” about three miles (on the average) 
above the floors of the ocean basins, but the “roots” extend 15 to 20 
miles downward into the crust. 

A partial explanation of the continent and ocean basin problem 
was advanced a few years ago by the late Alfred Wegener, a German 
meteorologist. The Wegener hypothesis starts with a single large 
continent which formed during the solidification of the liquid globe 
through the coalescing of the lightest constituents. In relatively late 
geological time this large continent broke into several fragments 
which drifted apart and formed our present continents. North and 
South America “floated” westward and Antarctica and Australia 
"floated” southward and southeastward. The mountains along the 
west border of the Americas were formed through the resistance 
which the two great continental masses encountered in their west¬ 
ward drifting. The Wegener hypothesis has been largely rejected in 
this country, because of reasons that are too technical for inclusion 
here. 

THE AGE OF THE EARTH 

The historian uses a century as a time unit, whereas the geologist 
uses periods that are millions of years in length. The time that has 
elapsed since the beginning of the ancient times of the historian is 
insignificant when compared with the time that has elapsed since the 
oldest rocks of the earth’s surface were formed. If the span of geologic 
time were represented by a yardstick, historic time would be repre¬ 
sented by less than the thickness of a thin sheet of paper. 
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Many methods have been tried in an attempt to determine the age 
of the earth. Only one of these, the radioactive method, has yielded 
results of an acceptable accuracy. This is a development of the past 
few years. Some of the older methods will be reviewed because of 
their historic importance and ingenuity. 

It must be kept in mind, in studying the various methods outlined, 
that different starting points are involved. Some astronomical theo¬ 
ries start with a liquid globe. The radioactive method starts with the 
oldest exposed rocks which contain radioactive minerals. The “salt 
in the ocean” theory begins with the first ocean on the surface of the 
globe. Different starting points will, of course, produce different 
results. However, even when allowance is made for this difference, it 
will still be plain that large discrepancies exist between the results 
obtained by the various methods. 

Rate of organic change. This method was attempted 
in the last century, but, as it was founded on a number of arbitrary 
factors, it did not prove trustworthy. It is interesting, however, as an 
attempt to put the concept of organic evolution to a practical use 
when that concept was still in its infancy. Looking back through the 
past we see, of course, the enormous changes that have taken place in 
organic life. These changes, however, can not be proved to have pro¬ 
ceeded at a consistent rate, so this method is impossible of applica¬ 
tion. Organic change is to a considerable extent dependent upon 
environment, and, when there is no change in its environment, an 
organism has little or no reason to change its character. But when, for 
example, near-by mountain-building activity causes a different type 
of sediment to be deposited in the vicinity of an organism, it has to 
accommodate itself to that change if it is to continue to live in the 
same habitat. Another environmental change is caused by the pres¬ 
ence of ice due to continental glaciation on nearby land. The water 
becomes much colder, and the organisms either have to develop 
thicker skins or shells, migrate to warmer climes, or give up. Land 
animals, such as mammals, also change relatively rapidly when a 
different environment is imposed. Because of its<\yide variation, the 
rate of organic evolution cannot be used as a measuring stick of the 
lapse of time. 

Sedimentation methods . Calculations as to the age of 
the earth based upon the time it takes for sediments to be deposited 
are a by-product of the theory of uniformitarianism, which was ad¬ 
vanced by Hutton and ably championed bv Lyell in Englaiid in the 
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middle of the last century. The major premise of this theory is that 
the geological processes which are at work today are the same as those 
which were at work in the geologic past and which produced the hills, 
valleys, and rocks of the present. This theory is in direct opposition 
to the earlier idea of “catastrophism,” according to which concept a 
canyon, for example, was formed by the sudden crevassing of the 
earth’s crust, instead of by the slow but persistent downcutting of a 
river. Those who sought to determine the age of the earth by sedi¬ 
mentation methods first attempted to determine how much sediment 
is deposited over a known period of time on the ocean floor adjacent 
to the continent. Observations made through a period of several cen¬ 
turies have shown that sediment accumulates on the Nile delta at the 
rate of about 3 feet per thousand years. Next, the total thickness of 
sediment deposited since earliest traceable geologic time must be 
estimated. Accurate calculations of this figure are impossible. One 
recent estimate was 600,000 feet. At the rate of 3 feet per thousand 
years the oldest rocks in the earth’s crust are 200 million years in age. 
Other estimates obtained through the use of this method range from 
3 million to 6,000 million years. One major cause for discrepancy 
has been the use of different figures for the rate of deposition. This 
may vary materially with locality and with type of deposit. One in¬ 
vestigator claims that it takes about 450 years for a foot of sandstone, 
900 years for a foot of shale, and 2,250 years for a foot of limestone to 
be deposited. Another cause for discrepancy is the impossibility of 
estimating the time that elapsed between the deposition of rock 
layers separated by an unconformity. 

An interesting modern application of the sedimentation method 
has been to study varved deposits. A varve is a couplet of sedimentary 
layers consisting of a summer and winter layer of different shades of 
color and thicknesses. Varves are usually confined to lake deposited 
clays, and because of the rather temporary character of lakes it is im¬ 
possible to use this method for an extended period of time. It has, 
however, been successfully applied to calculating the length of time 
since the glaciers last receded from northwestern Europe and from 
New England, and to the length of time which it has taken to deposit 
the Green River formation, a thick lake deposit of the western 
United States* 

Denudation method. This method is the reverse of the 
sedimentation method. Its followers arbitrarily calculate the number 
of ynm that it takes to clean off a foot of rock from the continent. 
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This figure divided into the number of feet that it is calculated has 
been removed in the past would give an estimate as to the length of 
time during which erosion has been at work on the earth’s surface. 
Naturally when both the dividend and divisor in a calculation are 
estimated figures, the quotient will not be much more than a guess. 

Age of the ocean. In all probability the oceans orig¬ 
inally consisted of fresh water. The salt (sodium chloride) now 
found in them has been brought in by the rivers draining the conti¬ 
nents over a period of many millions of years. We know, with a fair 
degree of accuracy, how much sodium chloride is in the oceans of 
today. Oceanographers have calculated this figuie to be 12,600 bil¬ 
lion tons. Analyses of the water of many rivers scattered over dif¬ 
ferent continents and fairly accurate estimates as to the volume of 
river water annually entering the sea, lead to the calculation that 
about 35 million tons of sodium chloride are annually added to the 
ocean. The total sodium chloride content of the seas (12,600 billion 
tons) divided by the annual increment (35 million tons) gives 360 
million years as the age of the ocean. 

One major assumption made in figuring not only the age of the 
ocean, but also the age of the crust by the sedimentation and denuda¬ 
tion methods, is seriously open to question. That is the extreme uni- 
formitarian viewpoint that the rate of geological activity at the pres¬ 
ent is approximately the same as it has been in the geologic past. 
Actually, however, a critical study of geological history tells us that 
conditions at present are not average, for during the greater part of 
the past the continents had been eroded to as near sea level as the 
minimum gradients of the draining river systems would permit. Con¬ 
sequently the amount of sediment, both physical and chemical, car¬ 
ried from the continents to the seas was at a minimum. The conti¬ 
nents of today contain high plateaus and mountain ranges, and the 
rivers draining these areas are loaded with sediment due to the rela¬ 
tively steep gradients. Mountains and plateaus are but temporary 
features in geologic time. So the sand, silt, clay, and sodium chloride 
being carried seaward at the present time is far in excess of the 
amounts carried during more normal times. 

Also, human activities contribute to the increased load of ocean- 
bound streams. The cultivation of the land and the deforestation of 
the upland areas materially accelerate soil erosion. 

Astronomical methods. A great British philosopher 
of the 19th century, Lord Kelvin, once calculated that it would take 
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22 million years for a hot molten globe, the size of our planet, to cool 
to its present temperature. Apparently Kelvin made some mistake in 
his assumptions, for his figure is far too low according to present 
conceptions. 

Another English physicist and astronomer, George Darwin, devel¬ 
oped the hypothesis that our one satellite, the moon, was tom away 
from the earth by tidal attraction of the sun 56 million years ago. The 
basin occupied by the Pacific Ocean is the scar from which the moon 
was plucked, according to the Darwin theory. It is interesting to note 
that although Darwin’s time calculations may be open to question, 
his hypothesis of moon origin is quantitatively possible and is sup¬ 
ported by some astronomers today. 

Radioactive disintegration. Single atoms of radio¬ 
active elements, such as uranium, explode. This explosion is accom¬ 
panied by the emission of particles, and results in the decay of the 
element into other elements. For example, atoms of uranium decay 
to produce a series of seventeen other elements, the last one of which 
is lead. Incidentally this lead has a measurably different atomic 
weight from ordinary lead. Another radioactive series starts with 
thorium and ends with lead. 

The length of time which it takes one of these radioactive elements 
to break down to another element may be calculated by the intensity 
(speed) of the emitted particles. Physical chemists specializing in this 
field have developed a formula by means of which the age of min¬ 
erals containing radioactive elements can be calculated based upon 
the mathematical ratio between the “radioactive” lead (the end 
product of the disintegration series) and uranium. In 1,000 million 
years one gram of uranium breaks down to 0.865 grams of uranium 
and 0.118 grams of lead. Several other methods beside the uranium- 
lead calculation have been developed in recent years. 

In the practical application of these methods of determining the 
age of the earth, geologists are limited to rocks which contain min¬ 
erals composed of radioactive elements. Such minerals are largely 
confined to intrusive igneous rocks and are by no means abundant in 
the earth’s crust. 

The radioactive methods of age determination are by far the most 
accurate yet developed. Apparently the rate of decay of the elements 
in the radioactive sequence is entirely independent of temperature, 
pressure, abd other external conditions. Consequently, it is reason- 
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able to assume that this rate has been no different in the geologic 
past than it is at present. 

During the few years that radioactive methods have been in use, 
the ages of a great many batholiths and other types of igneous intru¬ 
sions have been determined. The rocks into which the igneous rocks 
were intruded are, of course, older than these. The oldest rock so far 
determined by radioactive methods is an igneous intrusion in the 
district of Carelia, Russia, which crystallized 1,852 million years ago, 
but this rock is intruded into even older rock, the exact age of 
which is unknown because it does not contain any radioactive min¬ 
erals which can be used for analysis. It is very probable that the oldest 
rocks in the earth’s crust are at least 2,000 million years old. The age 
of the earth as a whole must remain an unanswered question. The 
astronomers tell us, however, that our planet is young when com¬ 
pared with the stars. 



CHAPTER 14 


The Study of Earth History 


The original crust of the earth was 
probably composed of igneous rocks which formed when the outer¬ 
most portion of our molten planet had cooled sufficiently to allow 
the liquid material to solidify. Then the various weathering agents 
began to attack the igneous rock and break it up into finer and finer 
particles which were carried away by running water or wind and de¬ 
posited as sedimentary material. The different kinds of sediments 
themselves are important in deciphering the history of the earth, and 
each one tells us something about its manner and place of formation. 

LESSONS FROM THE ROCKS 

When the geologist finds a bed of conglomerate that is composed 
of angular or sub-angular pieces of rock he knows that these mate¬ 
rials have not been carried very far from their source. If they had 
been, the various fragments would be rounded. Conglomerate may 
be formed along a steep, rocky coast where the waves beat violently 
against the cliffs and detach pieces of the rock which accumulate at 
the foot of the slope. Rapid accumulation would not permit complete 
rounding of the fragments, but the grinding of one rock against an¬ 
other soon rounds them off. Where conglomerate has been formed 
from coarse rocks that were carried by streams, the geologist knows 
that the source of the material was some high, rocky land and that 
the rivers were running with considerable velocity or they would not 
have been able to carry such large pieces of rock. Even though the 
conglomerate may be found today in a flat country, the conditions at 
the time of its deposition can thus be interpreted. Even the nature of 
the locks in the old highland source itself can be determined to a 
certain extent by studying the kinds of rocks that are found in the 
conglomerate. If the pebbles are composed largely of granite, then an 
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old granitic highland is inferred. If some of the pebbles are made of 
quartzite or sandstone, or extrusive igneous rock, then those kinds 
of rock must have been present somewhere on the old land. 

Sandstones are derived from the land, and the coarseness of the 
sand grains gives a clue to the velocity of the river that transported 
them. Sandstones that are composed of pure quartz grains could only 
have been derived from rocks that contained considerable quantities 
of quartz, such as some of the granites. The size and character of rip¬ 
ple marks found in sandstone may tell us something about the depth 
of the water and the direction of the nearest shore line. The coarsest 
particles of sand are always deposited nearest the shore, with increas¬ 
ingly finer particles farther and farther from the water’s edge. Such 
changes often help locate the nearest land and thus the source of the 
sediment. 

Limestones are usually deposited in warm, marine water, and, if 
they contain marine fossils, the origin of the rock is established, even 
though it may now be located high up on the side of a mountain and 
far from the nearest ocean. Pure limestones are sometimes found 
covering considerable areas and these usually mean that the neigh¬ 
boring shores were low, the streams sluggish, and the water clear. 
Pure limestones cannot be deposited near to lands from which muddy 
streams are flowing. Shaly or impure limestones may be deposited 
fairly close to the shore and, they may grade outward from the land 
into pure limestone. 

Silts and clays are composed of exceedingly fine rock particles, and 
they can be deposited only in quiet water. Even a small amount of 
movement in the water will keep them in suspension, and therefore, 
they are usually deposited at considerable distance from the land 
source. Shales are derived from muds, and the extent and thickness of 
a shale deposit will tell the geologist a great deal about the conditions 
on the neighboring land. Black shales contain carbon, sometimes an 
indication of land vegetation. 

The colors of rocks are very important to the geologist because 
they are often good indications of the climatic conditions under 
which the rocks were formed. There are extensive red beds in the 
western part of the United States, especially through Texas, New 
Mexico, Arizona, Colorado, and Wyoming. The red color of these 
shales and sandstones is due to the oxidation of iron, which probably 
took place in a region where very little vegetation was growing; 
otherwise reducing, instead of oxidizing, conditions would have pres 
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vailed. This may mean that the region was a semi-arid region, such 
as exists in the southwestern part of the United States today, and the 
streams may have been intermittent or subject to great fluctations in 
volume and velocity of water. Here and there throughout the red- 
bed region there are small areas containing the bones of amphibians 
and reptiles. Such places mark the positions of water holes or per¬ 
manent bodies of water. Sometimes the course of an ancient river 
•may be traced for miles across the country merely by means of the 
cross-bedded sandstones that were deposited in the channel of the 
stream. 

Great thicknesses of salt and gypsum are usually interpreted as 
deposits made under arid conditions in bodies of water where there 
were an excessive amount of evaporation and periodic inflows of 
water from some nearby sea or ocean to renew the supply of minerals. 

Lava flows with a total thickness of several thousand feet may be 
seen today in the iron and copper districts of northern Michigan, 
and, although there are no volcanoes in that region today, these rocks 
are proof of intense volcanic activity in the distant past. The Devil’s 
Tower in the Black Hills region of Wyoming is a volcanic neck that 
has persisted because it was harder than the immediately surrounding 
rock. Some of the most famous diamond mines in South Africa 
are located in eroded volcanic necks. Volcanism is usually found in 
those parts of the earth where the crust is broken or fractured to great 
depths by mountain-building forces. Intrusions of igneous rock such 
as dikes, laccoliths, and batholiths also accompany periods of diastro- 
phism, and wherever such features are found exposed we will usually 
discover evidence of an old mountain range. 

Great areas of metamorphic rocks, such as gneisses and schists, are 
evidence of regional metamorphism which is commonly found in 
places where the crust of the earth has been subjected to the inten¬ 
sive pressure that is developed when folded mountains are built. 
Under such conditions a black mud, containing considerable quanti¬ 
ties of carbonaceous material, may be altered by pressure and heat 
into a graphitic schist. The presence of these various features enables 
the geologist to determine the former existence of a mountain range 
in a region that may be quite flat at the present time. 

In any relatively undisturbed sequence of sedimentary rocks, the 
oldest part of the section will always be on the bottom because it was 
deposited first. Overthrusts may reverse the normal order, but such 
disturbances can usually be detected. This law of superposition makes 
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it possible to determine at least the relative ages of sedimentary rocks 
in any section, but it does not always hold with igneous materials. 
Lava flows will generally follow this law, but a comparatively recent 
igneous intrusion may lie directly below a much older one. Where 
one dike intersects another, or where one igneous intrusion cuts 
through another, the relative ages are not so difficult to determine. 
Igneous rocks are sometimes found intruding sedimentary forma¬ 
tions; in such cases the intrusions are obviously younger than the sed¬ 
iments, although it may not be possible to determine their pre¬ 
cise age. 

Certain non-marine sediments in the Connecticut Valley region 
contain both lava flows and intrusions in the form of sills. The flows 
were formerly on the surface, but they were later covered by sedi¬ 
mentary deposits. The problem is to distinguish between the sills and 
flows. The upper surface of the flows will usually be vesicular or 
porous owing to the escape of gases while the molten mass was solidi¬ 
fying. In the case of the sills there should be some alteration in the 
overlying sedimentary rock just above its contact with the sill. This 
is contact metamorphism. 

THE GEOLOGICAL TIME TABLE 

Most of the events in recent history can be put in their proper time 
relations, because historians know the exact year in which they oc¬ 
curred. However, when we go back only as far as that portion of time 
that is covered by “Ancient History” it becomes increasingly difficult 
to tell in what particular year certain events happened. It is easily 
understood, then, why events that occurred millions and hundreds of 
millions of years ago cannot be placed in any particular year and why 
geologists must use much larger time divisions than years when they 
are discussing the events of geologic history. 

The eras are the longest divisions of geologic time and they are 
very roughly delimited. Each one, in general, attempts to take 
account of some great event or series of related events that are world 
wide in their significance. For example, the Mesozoic era is that par¬ 
ticular division of time during which the reptiles dominated almost 
the entire earth; in fact, it is often called the Age of Reptiles. The 
beginning and the end of each era are more or less arbitrarily fixed as 
they appear in the time table, but actually they are poorly defined at 
present. Great periods of mountain building, called revolutions, 
which occurred at long and irregular intervals, help mark the ends 
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of the eras. However, these revolutions are not good time markers 
because the building of a mountain range may take several million 
years and the various parts of the orogeny on the different continents 
may not start or end at the same time everywhere. Great periods of 
erosion, producing widespread unconformities, follow times of moun- 
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tain building. Two such unconformities help determine the close of 
the first two eras as they are now defined. 

At the present time, five eras are recognized, but this number will 
doubtless be increased because, since the present Archeozoic and 
Proterozoic divisions are too long and unwieldy for efficient use, each 
will some day be divided into two or more eras. 

The periods are the next largest divisions of geologic time, but 
even they are somewhat arbitrary in their limits. Mountain building 
on a scale less extensive than that of the revolutions helps determine 
the end of some periods; such orogenies are called disturbances. The 
rhythmic advances and retreats of the shallow continental seas cor¬ 
respond rather closely to some of the periods. The beginning of an 
epeiric sea invasion is thus the start of a period, and the final with¬ 
drawal of marine water from the continent marks the close of the 
period. Even this method has its disadvantages, because frequently 
there are long intervals of time between the close of one invasion and 
the beginning of the next one—intervals that may last for several mil¬ 
lion years. Thus, there may be great “lost intervals” in the geologic 
record, for much of the information upon which geologic history is 
based comes from the deposits and fossils left by the different epeiric 
seas. As our knowledge of geologic history increases, geologists will 
devise better methods of determining the limits of eras and periods. 
The time table of the future will be far more accurate than the pres¬ 
ent one—and also quite different. 

All the different kinds of rocks that were formed during any geo¬ 
logic period are classed together under the name “system,” and the 
rocks of any epoch are called a “series.” The smaller divisions of time 
are also represented by rocks that are called “formations.” 

GEOLOGIC HISTORY IS RECORDED IN FOSSILS 

Fossils are the remains of animals and plants that lived in the geo¬ 
logic past. Sometimes the remains consist of the original shells or 
skeletons, while in other cases they are impressions left in soft sedi¬ 
ments by some part of the organism. Bones or shells are frequently 
petrified, by one of two methods. The original material of the hard 
parts may be dissolved and removed by ground water, and some other 
mineral, such as silica or iron, may be put in place of the original. 
The replacement is sometimes accomplished so minutely that every 
detail of the original shell or bone is reproduced in the replacing 
substance. In other cases the openings or pores in the original bones 



368 


Earth History 

or shells are simply filled up with some mineral matter that is 
brought in and deposited by ground water. In most cases the petrified 
fossil is more durable than the original, and it has a good chance of 
being preserved indefinitely. 

Unless an organism possesses hard parts (shell or bones), its 
chances of being preserved as a fossil are very light because of the 
perishable nature of flesh. However, in a few very interesting cases, 
the actual flesh of animals has been preserved for thousands of years. 
During the Pleistocene epoch, sometimes called the Ice Age, consider¬ 
able numbers of animals roamed widely over the great tundra region 
of Siberia. Among these the Woolly Mammoths must have been very 
conspicuous because of their giant size. The tundra is permanently 
frozen to depths of hundreds of feet, and mammoths sometimes fell 
into frostcracks or openings in the frozen ground and were soon 
covered with ice. Since the temperature was below the freezing point, 
the flesh could not decay, and there the animals have remained for 
thousands of years until the present. Meandering rivers sometimes 
uncover these carcasses and several have been found by men who were 
looking for the ivory tusks that belonged to the mammoths. Thou¬ 
sands of these elephants lived and died in the tundra region, and their 
tusks have been found scattered widely over the area. The search for 
fossil ivory has been a very profitable business in Siberia for more 
than 200 years, and most of the real ivory that is used for various 
purposes today comes from the tusks of the extinct Woolly Mam¬ 
moth. Similar finds have been made in the frozen gravel and muck 
deposits of Alaska, during the search for placer gold, but there the 




' Pig. liSl. A fossil fish as it was found in the Tertiary Green River formation 
neat Fossil, Wyoming. Courtesy Henry P. Zuidema. 
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flesh is not as well preserved as it is in Siberia. The Siberian mam¬ 
moths are remarkable also for the fact that undigested food was found 
in the stomachs of several frozen carcasses, giving us valuable infor¬ 
mation about the food habits of these interesting mammals. In some 
specimens the presence of highly seasonable plants inside the stomach 
has enabled us to determine the approximate time of year when the 
animals perished. 

Pieces of skin belonging to the extinct great ground sloth, Neomy- 
lodon, have been found in dry caves in Patagonia. It is possible that 
some of these animals lived until historic times. The skeleton and 
portions of the skin of another ground sloth were discovered in a 
guano deposit in the crater of an extinct volcano in New Mexico. 

The bones of mastodons, still containing organic matter, have been 
found in Michigan. Carcasses of the Woolly Rhinoceros also have 
been found in the Siberian tundra. The carbonized skin of the ex¬ 
tinct marine reptile Ichthyosaurus has been preserved in the fine¬ 
grained lithographic limestone near Solenhofen, Bavaria. Impressions 
of soft parts, especially in die form of footprints and trails, are very 
common, and these give us valuable information about the fleshy 
structures of ancient animals. 

Even though an animal may possess a shell or skeleton, these can¬ 
not be preserved as fossils unless they are buried soon after the death 
of the organism in sediment that will protect the hard parts against 
weathering and erosion. There are many conditions under which an 
organism may be buried in some kind of protective material. Animals 
that live in the sea or in lakes and rivers usually sink to the bottom 
of the water after death. There they may be immediately covered by 
the soft mud, or they may be buried very soon beneath accumulating 
sediments. Elephants and mastodons in Michigan are preserved in 
bogs and swamps or even in the sediments of lakes where they were 
mired when they came down to the water to get a drink. Animals that 
die on the broad flood plains of rivers, like that which borders the 
Mississippi in its lower course, may be buried rapidly beneath the 
silt that accumulates during flood stages of the river. Dust and vol¬ 
canic ash are often carried long distances by the wind and may bury 
the carcasses or bones of animals wherever they lie. The grand erup¬ 
tion of Mount Vesuvius in 79 A. D. completely buried the cities of 
Herculaneum and Pompeii beneath volcanic ash and mud flows. 
• Thousands of animals, including many people, perished in this erup¬ 
tion, and the cities were forgotten for several centuries. When exca- 
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vations began at Pompeii, numerous cavities were found in the solid* 
ified ash, some of them containing the bones of animals, although in 
a few cases there was merely a cavity. These openings are really the 
molds of the bodies of animals and people that lived in Pompeii at 
the time of the eruption. By pouring plaster of paris into the mold, a 
cast is obtained which is often remarkably life like, in some cases even 
revealing details of the facial expression. 

The Rancho la Brea tar pits, at Los Angeles, California, are espe¬ 
cially remarkable for the fossils that they have preserved. In this 
locality petroleum found its way to the surface long ago from de¬ 
posits below the ground and collected in pools of various sizes. After 
some of the volatile constituents of the oil had escaped, a substance 
like asphalt remained and trapped and buried thousands of Pleisto¬ 
cene animals. Only the bones are preserved, but these are often in 
perfect condition. Skeletons of elephants, wild horses, wolves, and the 
great sabre-tooth cats are especially common. Some birds have also 
been found. 

How fossils are used. Without the presence of fossil 
skeletons, especially those of the larger vertebrates such as the dino¬ 
saurs, our great museums would lose some of their most interesting 
exhibits. The cultural value of fossils is thus difficult to overestimate. 
Such famous institutions as the American Museum of Natural His¬ 
tory in New York, the Carnegie Museum in Pittsburgh, Pennsylva¬ 
nia, the National Museum in Washington, D.C., and the Chicago 
Museum of Natural History are visited yearly by thousands of people 
who find the exhibits of fossils highly interesting. In addition to these 
great institutions, most universities and colleges maintain collections 
of both vertebrate and invertebrate fossils for many popular and 
scientific uses. 

Fossils offer the final proof of the concept of evolution because 
they reveal by means of actual specimens the changes that have taken 
place in the animal and plant worlds for at least the last 500,000,000 
years. Petroleum geologists find fossils almost indispensable in certain 
phases of their work. For. example, it has been determined that cer¬ 
tain fossils are characteristic of certain geologic periods or of even the 
smaller divisions of the periods. These are called index fossils, and, 
wherever they, are found, they always indicate a period, or a zone 
within, the period. Possible oil-bearing rocks may thus be located by 
means of the fossils which they contain. Living animals and plants, of 
which fossils are the dead representatives, were the original sources 




Fig. 162. A common scene in the Rancho la Brea tar pits of California. The animals shown are a characteristic assemblage 
of Pleistocene life of that area. The great carrion-eating vultures and other predators were trapped in great numbers as they 
came to feed upon animals already doomed. From a painting by C. R. Knight, courtesy Chicago Natural History Museum . 
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of most of the oil that is found today. When geologists are working 
out the geologic history of a region they must determine, among 
other things, the age of the rocks in the area and the relationship of 
the rocks to those in other places. Both of these problems can be 
solved easily whenever index fossils are found in the rocks. It is often 
possible to determine that widely separated rocks, even though they 
are several thousand miles apart, were deposited at essentially the 
same time, by means of index fossils that are common to the different 
areas. Such a determination is called correlation. 

Many important events in geologic history have been deciphered 
by means of fossils. Certain organisms, such as the brachiopods and 
cephalopods, live and always have lived, only in marine water. If the 
remains of such animals are found preserved as fossils in rocks that 
are now far inland, or even on top of a high mountain, it is possible 
to say that, because the sediments which contain the fossils were 
deposited in the sea, those areas must once have been under marine 
water. Fossil plants and animals often reveal clearly the climates of 
the past. Certain forms are found only in the tropical zone today, and 
their distant ancestors also lived under the same conditions. No 
matter where such plants may be found in the fossil form, even 
though it be in the arctic or the antarctic regions, it is logical to con¬ 
clude that those areas once enjoyed tropical climates. Modern reef¬ 
building corals can live only in shallow, clear marine water that is 
not colder than 68 degrees Fahrenheit. The fossil corals that are 
found in such abundance in the Silurian rocks of the northern Pe¬ 
ninsula of Michigan indicate that this portion of the state was once 
covered by a clear, shallow, tropical sea. 

The limestones that are used so extensively in various phases of 
industry were formed, in some cases, from the shells of animals, or 
they may represent deposits left in part by plants. Bacteria may have 
had something to do with some of the great iron ore deposits in 
Michigan and Minnesota. The graphite deposits in the Grenville 
series of New York and Canada offer indirect but very strong evi¬ 
dence of the existence of plants and animals in the Archeozoic era, 
more than a billion years ago. 

The existence of old land bridges between continents, where no 
such connections exist today, is determined by the distribution of 
land animals and plants. Many of the same kinds of animals, such as 
the woolly mammoth, the mastodon, horse, and camel are found in 
North America and Asia. Such creatures must have migrated from 



373 


The Study of Earth History 

one continent to the other by means of a land bridge that once con¬ 
nected Siberia with Alaska. Many of the islands that lie off the south¬ 
eastern coast of Asia contain fossil animals that could hardly have 
originated on those islands but came instead from the present main¬ 
land by means of a land bridge. 

Fossils are abundant in certain layers of sedimentary rocks, but 
whole formations may be unfossityferous. Fossils are really quite rare 
objects when one considers the countless numbers of animals that 
have lived during hundreds of millions of years of geologic time. 
Only an extremely small fraction of these animals that lived in the 
past have been preserved as fossils. Many forms of life that formerly 
lived on the land or in the sea will remain unkown either because 
they have not been fossilized or because they are buried in rocks that 
are not accessible. Geologists have examined only a small percentage 
of the rocks that are actually exposed at the surface-of the earth, but 
there are vast thicknesses of potentially fossiliferous rocks that are 
buried beneath other- formations and cannot be studied. We are 
thus forced to conclude that our knowledge of the life of the past is 
very meagre, and that there are many links in the chain of evolution 
that may never be known. 

Evidence supporting the concept of evolution. The 
word evolution is derived from a Latin word that means “an unroll¬ 
ing/* In its simplest meaning, evolution refers to the obvious fact 
that animals and plants have undergone progressive changes during 
the course of geologic time and that the organisms of the present are 
the descendants of those that lived in the past. Thus both change 
and relationship are indicated in the word evolution. Striking evi¬ 
dence in support of the doctrine of evolution is obtained from three 
important sources: from a study of fossils, from comparative anat¬ 
omy, and from a study of embryology and vestigial structures. 

Paleontology, the life of the past. Since the idea of 
change is a necessary part of evolution, we should be able to prove 
that changes have taken place by collecting and studying a succes¬ 
sion of fossils; like those 6f the horse family, whose history has 
extended through several million years of geologic time. This is 
precisely what<paleohtologists have been able to do. We now possess 
a very complete series of fossil forms not only for the horse, but for 
a number of other vertebrate groups. Because these fossil bones are 
the actual remains of the various animals, direct observation shows 
many of the changes that have taken place during the evolution of 
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the group. It is perfectly true that paleontologists have not found 
every step in the evolution of all the vertebrate families, yet this 
failure does not affect the value of the evidence that has been dis¬ 
covered. The evolution of the various invertebrate groups is not so 
well-known, because since the earliest forms were soft-bodied, much 
of their essential development has not been preserved. The verte¬ 
brates appeared relatively late in geologic history, at a time when 
skeletons and hard, preservable parts were common. 

Comparative anatomy. Relationship is also an im¬ 
portant phase of the study of evolution, as can easily be demonstrated 
by directly comparing corresponding structures in the different ver¬ 
tebrates. The arm of a man corresponds very closely, bone for bone, 
with the front leg of a dog, a cat, a turtle, the wing of a bird, or in 
fact with the front legs of most typical vertebrates above the group 
of fishes. There are difference in the lengths of certain bones, and 
there are some modifications in the hands, but the correspondences 
in fundamental structures are so obvious and common that they 
must be the result of deep-seated relationships. It seems as though 
certain basic patterns were evolved quite early in the history of the 
vertebrates and as though these proved so successful that it was not 
necessary to change them except in minor respects as the various 
animals adapted themselves to different environmental conditions. 
All vertebrates have a heart and circulatory systems; all have diges¬ 
tive, nervous, and reproductive systems. All have skulls and brains, 
and these structures in skeletal parts as well as the soft anatomy 
cannot be the result of chance or coincidence, but must indicate 
actual relationship. 

Embryology and vestigial structures. Embryology is 
a study of the individual animal before it is born. In this stage of de¬ 
velopment many structures appear that are not present or obvious 
in the adult, and such structures are reminiscent of a distant stage 
in the history of the group. Only a few examples can be given, but 
they present striking proof that the animals of today have descended 
from those of the past. In the first few days of embryonic life, every 
individual vertebrate of every group develops gill slits immediately 
back of the head, along the sides of the neck. Now gill slits have a 
perfectly logical explanation when they are found in the fish, be¬ 
cause they serve as exits for the water that has passed over the gills 
during the breathing process. However, gill slits are not functional 
structures in reptiles and mammals, but they are vestigial organs in 
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these groups. It seems clear, then, that the vertebrates above the fish 
group have inherited their gill slits from some remote ancestor in 
which they were originally functional. The geologic record supports 
this idea because there was a time in the history of life on earth 
when the highest form of vertebrate life was the fish—amphibians, 
reptiles, or mammals did not exist. Somewhere during the course of 
evolution the gills were lost and lung breathing became the habit, 
but for some reason that is not entirely clear, the gill slits are retained. 

The well-known vermiform appendix is a vestigial structure in 
man; for him it has no apparent function. In fact, it is not only use¬ 
less but often is a source of infection and must be removed. Many 
herbivorous animals possess a functional structure, the caecum, of 
which the appendix is the degenerate remnant. It is certain that 
some remote ancestor of man must have had an organ corresponding 
in position to the appendix, but which was functional at that time. 
There are three muscles around the human ear which have fallen 
into disuse and these muscles are identical in all essentials with those 
found in many other mammals which use them to move their ears. 
Each leg of the horse has two splint bones which are vestiges of once- 
functional digits which lay along either side of the central toe. The 
adult porpoise, a marine mammal, has only front flippers, but hind¬ 
leg buds are present in the embryo. 

Vestigial structures such as these, and many others that are found 
in all the different vertebrates, were all functional in some ancestral 
animals, and they are clearly inherited from the distant past. They 
show that all animals have changed during the course of time, and 
thus they help to demonstrate the truth of evolution. 



CHAPTER 15 


The History of Life on the Earth 


When the Earth was a molten sphere, 
more than two billion years ago, life as we know it now could not 
existnlt is difficult for us to conceive of a lifeless Earth—nothing but 
heatj space, and motion. Therefore, we are confronted with the ex¬ 
tremely difficult question of when life started and the even more 
puzzling problem of how it began. Even the first and simplest forms 
of life were probably the result of extraordinary combinations of 
special conditions. The earliest forms of life could have been little 
more than formless bits of protoplasm, and, because they ,had no 
skeletons or hard parts, there are no fossils to record their existence. 
There is thus no known record of the beginning of life; ,thg L record 
of life during: those countless ages that preceded the appearance of 
the first fossils in the rocks is completely lost in the impenetrable 
obscurity of the distant geologic past. 

THE ORIGIN OF LIFE 

Protoplasm, which is the material out of which all living things 
are made, can be analyzed by the chemist and found to contain 
twenty-nine of the elements that are known to science. Such com¬ 
mon substances as hydrogen, carbon, oxygen, and nitrogen are al¬ 
ways present; they are apparently indispensable in the composition 
of living matter. Carbon is such a dominant element in protoplasm 
that it. has been called the base of all life, but, in spite of the fact 
that scientists know the materials out of which protoplasm is made, 
they have never been able to discover just how these elements are 
combined to produce life. 

Living things as they are known upon the planet, Earth, cannot 
exist very long in temperatures above 212 Fahrenheit degrees or 
below 82 Fahrenheit degrees; and the great majority of plants and 
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377 


The History of Life on the Earth 

animals live within temperature ranges far more restricted than 
these. The Earth is unique among the planets of our solar system in 
that it is just the right distance from the sun for the existence of 
life. It is very doubtful whether organisms exist on any other planet 
with the possible exception of Mars, and even there it is hardly pos¬ 
sible that anything except low forms of hardy plants could live. 

There is some evidence that seems to indicate that most primitive 
forms of life were more closely related to plants than to animals. 
There are creatures living at the present time that have some of the 
characteristics of plants as well as of animals. Naturally, such or¬ 
ganisms are difficult to classify. Most plants possess the green color¬ 
ing matter called chlorophyll, which is not present in the majority 
of animals. However, some plants, like the mushrooms, do not have 
chlorophyll, and, on the other hand, some protozoans and worms do 
have it. A .lumber of plants are free-moving forms, and certain ani¬ 
mals are fastened to more or less fixed objects. The great majority 
of plants get their food from the soil, the air, and the water and 
subsist on inorganic materials; and yet some plants are highly carniv¬ 
orous. 

Primeval life must have originated in the water, and it lived for 
millions of years in either the sea or some large body of fresh water 
where it was protected against the drying action of the open air, 
which would have been fatal to such delicate organisms. Life must 
eventually have reached a stage of development similar to that repre¬ 
sented by the modern bacteria, which are extremely small and 
simple plants. It is possible that the living bacteria have come down 
to us from the distant past with comparatively few changes. 

One of the most obvious characteristics of all living things is their 
ability to adapt themselves to the environment in which they live. 
In fact, all animals and plants must adjust themselves to their sur¬ 
roundings or they cannot survive. This adaptability is a remarkable 
characteristic of protoplasm in all its forms, horn the simplest to the 
very highest types, such as man and the other mammals. When the 
development of plants and animals is followed through long 
stretches of geologic time, it is obvious that most forms become more 
and more highly specialized. This is especially clear when the his¬ 
tory of a certain animal, like the horse or elephant, can be studied 
by means of well-preserved fossil forms. The simplest and least spe¬ 
cialized members of a group always appear first, followed in order 
by otheis that reveal increasing complexity of structure. In all cases 
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there is, obvious adaptation to the environment, and it is clear that, 
as the environment changed, the animals changed to meet the new 
conditions. It is only the causes of these changes that are not well 
understood. Some people believe that the environment is somehow 
able to affect the individual organism directly and thus produce 
changes. Others believe that changes originate within the organism. 
Whatever may have been the causes, it is clear that great changes in 
organisms have occurred. All these changes, demonstrated by the 
thousands of fossils that represent animals and plants of past ages, 
are included in the general term “evolution.” 

No unquestioned fossils have been found in the oldest known 
rocks, which belong to the Archeozoic era, but there is considerable 
indirect evidence that some kind of life existed in that distant era. 
The Grenville series, which is exposed in the Adirondack region of 
New York and adjoining parts of Canada, was originally composed 
largely of limestone, and great quantities of graphite are found in 
the series. Limestone may be formed from the calcareous shells of 
animals, and certain plants are able to take calcium carbonate from 
marine water and precipitate it upon the sea bottom. It is also true 
that limestone may be formed by purely chemical methods without 
the help of any form of life, but the great thickness of the calcar¬ 
eous portions of the Grenville series indicates that thfrrlimestone is 
the result of some form of life. The enormous quantity* of graphite 
in the Grenville could hardly have been produced without the help 
of life in great abundance and is very strong evidence for the exist¬ 
ence of bacteria and some other forms of plants in the Grenville sea. 
The Archeozoic rocks also contain important deposits of iron ore 
which may have been taken from the water by bacteria and precipi* 
tated. A few well preserved Archeozoic fossils, either plants or ani-. 
mals, would be extremely valuable, and they may be found some day. 

The reasons for the absence of fossils in this earliest known part of 
the Earth’s history are not difficult to understand. The known Arche¬ 
ozoic formations were originally dominantly igneous, and organisms 
could not live in rocks when they were molten. This fact does not 
explain their absence in sedimentary formations, but there are two 
other v«sry good reasons for the lack of fossils. Most of these ancient 
sediments have been so highly metamorphosed or altered by heat 
and pressure that all traces of any organisms that might have been 
there originally are now completely gone. However, there are some 
sediments, which have remained in a relatively unchanged condition 
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since Archeozoic times, that have been carefully examined for fossil 
remains but without success. The explanation in this case probably 
lies in the fact that the earliest forms of life were without any skele¬ 
tons or hard parts and so have not been preserved. 

The absence of skeletons in the earliest forms of animal life is 
difficult to explain, but since skeletons are rather specialized struc¬ 
tures it is natural to assume that they did not develop with the very 
first appearance of life, but evolved later after organisms had reached 
a slightly more advanced stage of development. Shells and skeletons 
that serve the purpose of protecting and strengthening the animals 
which possess them were not so essential to the first types of life. 
Many of the one-cel led organisms today are still soft bodied, and 
they survive and reproduce in vast numbers. 

BRIEF DESCRIPTIONS OF SOME IMPORTANT PLANTS 

The phylum Thallophyta includes the most primitive plants, such 
as algae, bacteria, fungi, and diatoms. The algae range from minute 
one-celled types to larger and more complex varieties. Some forms 
of algae, such as the modern Halimeda, are very important agents 
in the formation of limestone. The familiar green scum which forms 
on stagnant pools of water in the summer and the green material 
which grows on the shady or north sides of trees and rocks in the 
temperate zone, are forms of algae. Some Permian limestones in 
Texas contain great reefs composed mostly of algae. 

Diatoms build their skeletons of silica, and these collect as diato- 
maceous ooze in certain places on the bottoms of ocean or quiet lakes. 
Diatomaceous earth or diatomite has many important industrial 
uses. It is an important polishing agent and filtering medium and 
is an excellent insulating material for covering steam pipes. Matches 
may contain small quantities of diatomaceous earth and it is also 
mixed with some paints and varnishes as an inert filler. California’s 
Monterey shale of Miocene age is composed chiefly of diatoms. 

Bacteria are minute, one-celled plants, and many of them are the 
direct causes of diseases. Fossil bacteria are known as far back as the 
Proterozoic era. 

The Bryophyta are represented by the modem liverworts and 
mosses; fossil members of this group have been found in Devonian 
rocks. The Pteridophyta, or ferns, are among the earliest plants that 
had adapted themselves to the land, although they thrive best in 
shady, moist places. Some tropical tree ferns grow to a height of 
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50 feet. The earliest known Pteridophytes are from Devonian rocks, 
althought the group probably originated in the Silurian. The Ar- 
throphyta include the living scouring rushes. Both the modern and 
fossil forms have jointed stalks with longitudinal ribs. Some of the 
ancient types reached the size of ordinary forest trees. The Lepi- 
dophyta are best known from the giant scale trees of the Pennsyl¬ 
vanian period which reached the great height of more than 100 feet 
and a diameter of several feet. The club mosses are the living repre¬ 
sentatives of this phylum. The Pteridospermophyta are known by 
the common name of “seed ferns” because they reproduced by means 
of seeds instead of spores. Several stumps of these tree-like plants 
have been found still in place in Devonian rocks near Gilboa, New 
York. Beautifully preserved fronds from members of this phylum 
are found in concretions that occur in the strip coal mines of north¬ 
ern Illinois. The Cycadophyta were extremely abundant in many 
parts of the world during the Mesozoic era, but today they are found 
only, within the subtropics and tropics. The modern forms are the 
sago palms or cycads. Many petrified stumps of fossil cycads are 
found in Jurassic rocks in the region of the Black Hills. The Coni- 
tgrophyta or conifers generally have green foliage the year round, 
and the seeds are developed in cones. The leaves are like needles in 
some forms and strap-like in others. Members of this group were 
world wide in distribution during the latter part of the Paleozoic 
era. The modern Ginkgo biloba belongs to this phylum. Ginkgo trees 
are rare in the United States and are not found here growing wild. 
They are commoner in certain parts of China and Japan. Some of 
the great trees in the Petrified Forest near Holbrook, Arizona, be¬ 
long to the Coniferophyta. The Angiospermophyta or angiosperms 
include the modern types of flowering plants and the hardwood 
trees. The many .members of this phylum dominate the plant life of 
the earth today! "The Angiosperms appeared first as fossils in Lower 
Cretaceous rjpcks. 11 

THE PROTOZOA OR ONE-CELLED ANIMALS 
Protozoans, both living and fossils, vary greatly in form and func¬ 
tion. Some are so small that they must be studied by means of power¬ 
ful microscopes, and others are giant creatures 2 inches in diameter. 
Some protozoans, of the Amoeba type, have no definite shape but 
change constantly as they move about; others have well defined shapes 
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and vary only in size. Some protozoans are sedentary and move very 
little, but others are vigorous animals and swim about freely. 

One-celled organisms have played a very important part in geo¬ 
logic history: Many of them have contributed their calcareous and 
siliceous skeletons toward the building of rocks. The great chalk 
deposits in England, France, and the Scandinavian countries are 
composed largely of the calcareous shells of foraminifera. The Pyr¬ 
amids and the Sphinx of Egypt are made from rock that consists 
chiefly of the shells of a large protozoan called Nummulites, coin¬ 
shaped animals that were used even as a medium of exchange in 



Fig. 163. Cordaites, a conifer which grew to a 
height of ninety feet in forests of the Pennsylvanian 
period. By John Jesse-Hayes. 
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some of the older civilizations. The spindle-shaped skeletons of Fu- 
sulina were excessively abundant during the Pennsylvanian and 
Permian periods, when they built up extensive limestone deposits 
in the United States, Europe, and Asia. Foraminifera are known 
from the Ordovician period to the Recent. 

The Radiolaria build their skeletons of silica, and many of them 
are extremely beautiful and complicated structures. These animals 
live near the surface of the oceans, but after death their hard parts 
sink to the sea bottoms where they have accumulated over great 
areas as radiolarian ooze. These remarkable forms are known from 
the Pre-Cambrian to the present and they were very important rock¬ 
forming agents during the Tertiary period. The “Barbados Earth,” 
which covers considerable area on the island of Barbados, is made 
up largely of radiolaria. The modern deep-sea radiolarian ooze is of 
similar composition. 

THE METAZOA OR MANY-CELLED ANIMALS 
The great change from animals with a single cell to those with 
many cells occurred during Pre-Cambrian times, but the rocks have 
not preserved a record of this important event in the evolution pf 
life. The significance of this important change lies chiefly in the 
greater degree of specialization which the metazoa reveal. The vari¬ 
ous functions which had been performed by the single cell of the 
protozoan are now accomplished by several cells. This jjlivision of 
labor, cooperation among the various parts, and interdependence 
demonstrate a tendency toward increasing complexity that has been 
going on for millions of years as higher and higher forms of life 
have developed. The metazoa have evolved many very efficient types 
during the long course of geologic time, and in the struggle for. 
existence these forms have done very well in general; but greater 
complexity of organization also presents many serious problems as 
keeping the various parts of . the organic machine in good working 
order becomes increasingly difficult. 

SOME IMPORTANT INVERTEBRATES 
The Sponges, or Porifera. Sponges are the simplest 
of the many-celled animals. The majority of them live fastened to 
the sea bottom, although some are found in fresh water. Sponges 
vary greatly in shape and size, but in general they are hollow inside 
and have an opening at one end. The walls of the sponge contain 
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numerous pores through which water and food material pass. Each 
cell of the inner portion of the animal behaves somewhat like a pro¬ 
tozoan and takes food from the water as it passes into the hollow 
interior. The only sponges that have been preserved as fossils are 
those with siliceous or calcareous skeletons. The common sponges 
that are sold in many stores are merely the tough, fibrous skeletal 
parts of the animal, which are never fossilized. Sponges are known 
from the Proterozoic to the present. The skeletal elements are com¬ 
mon in the flint nodules which occur in the great Cretaceous chalk 
deposits of western Europe and in Silurian limestones near Chicago. 

Corals. Corals are extremely abundant animals to¬ 
day, and they have been even more common in the past. The typical 
coral animal has a barrel shaped body, with a mouth opening at the 
top surrounded by slender tentacles which move about and help 
create currents in the water, which in turn may bring food to the 
animal. Corals have the ability to secrete lime chiefly in the outer 
layers of the basal portion of the body. The animal thus lives partly 
inside and on top of its skeleton, which grows higher and higher as 
the coral continues to secrete lime. 

All modern corals live in the sea. The great reef-building forms 
live in water that is not deeper than 250 feet and where the tem¬ 
perature of*the water never drops below 68 Fahrenheit degrees. At 
the present time most corals are found in tropical waters, and, since 
the habits of the ancient animals were apparently the same as those 
of the modern forms, the presence of reef-building corals in the 
rocks, no matter where they are found, is assumed to be evidence of 
warm seas and tropical climates. Corals have been important lime¬ 
stone-forming agents several times during the course of geologic 
history, especially in the Silurian and Devonian periods. Reef¬ 
building corals have been found fossilized in regions that are cold 
today, and they occur even in rocks of the Arctic zone. The skele¬ 
tons of modern corals are often used today for ornamental purposes. 
True corals are found from the Ordovician period to the present. 

Worms. The members of this group are not often 
found preserved as fossils, although a considerable number of re¬ 
markable forms have been found in the Middle Cambrian shale of 
British Columbia. Their occurrence so early in geologic history 
indicates that they originated in Pre-Cambrian times. Numerous, 
very small, chitinous jaws of annelid worms have been found in the 
rocks. 
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Echinoderms. The different members of this great 
phylum are all marine animals with a radial symmetry. The major* 
ity of them have skeletons that are composed of numerous calcareous 
plates embedded in the body wall of the animal. Most echinoderms 
live on the sea bottom, and many of them are scavengers. They ap¬ 
peared first in the Cambrian period. ' 

1. Echinoids. Some of the common names that are applied to mem¬ 
bers of this group are sand dollars, sea urchins, and heart urchins. 
The sea urchins are characterized especially by the presence of nu¬ 
merous movable spines upon the surface. Echinoderms move slowly 
about by means of slender distensible tube feet, with suction disks 
on the outer ends, which can be fastened to some object. Contraction 
of these tube feet then pulls the animal along. Echinoids, both fossil 
and recent, are gregarious animals, and they occur in certain locali¬ 
ties in enormous numbers. 

2. Starfish are star-shaped animals which may have anywhere from 5 

io more than 40 arms which radiate from the central part of the body. 
The starfish has remarkable powers of regenerating lost arms. These 
adaptable animals are found living in the cold waters of the Arctic, 
and the form called Asterias forbesi is exceedingly abundant all 
along the Atlantic coast from Maine to the Gulf of Mexico. Starfish 
appeared in the Cambrian period but they are not very common as 
fossils. r 

3. Blastoids. These echinoderms-had a bud-shaped cup composed of 
18 plates arranged in a definite pattern. There was a short stem 
which anchored the animal to some object on the sea bottom, but 
arms were not developed. Blastoids lived from the Ordovician pe¬ 
riod to the Permian and were exceedingly abundant in certain lo¬ 
calities during the Mississippian period. 

4. Crinoids. These echinoderms are sometimes called sea lilies be¬ 
cause of their plant-like appearance. The cups vary greatly in shape, 
and in size they range from those with a diameter of less than an 
inch to giant forms more than eight inches in diameter. The stem 
is composed of disks, like a pile of coins, and they range in length 
from a fraction of an inch to about 70 feet. The crinoids have flex¬ 
ible arms that sometimes branch several times until they are very 
complex structures. Most modern crinoids are free-moving animals, 
but the fossil forms were commonly anchored to the sea bottom by 
itf&ns of root-like appendages. 

Crinoids are gregarious animals; they are found living in enor- 
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mous numbers in some localities. Most of them live today in clear, 
warm, shallow water, and the fossil forms apparently possessed the 
same habits. Crinoids appeared in the Ordovician period and 
reached their climax in number and variety during the Mississip- 
pian. Certain localities, such as Crawfordsville, Indiana, and Burling¬ 
ton and Keokuk in Iowa, have furnished collectors with a great 
many well-preserved speciments, Some Mississippian limestones are 
composed largely of the remains of crinoids. 

Bryozoa . The bryozoa are colonial animals and each 
individual lives in a tiny cell or cup of lime or chitin. Most of them 
are found encrusting seaweeds, shells, or rocks; the colony often 
resembles fine moss or lace. Most of the bryozoa are marine animals, 
although some live in rivers and lakes. They lived in great abun¬ 
dance during the Ordovician period, and their skeletons helped 
form reef-like bioherms and extensive beds of limestone. Bryozoa 
range from the Ordovician to the present. 

Brachiopods. These marine animals build a shell 
that is made of two parts called valves, joined together at one end 
and opened and closed by means of specialized muscles. The brachi- 
opod is usually fastened to some object on the sea bottom by means 
of a fleshy stalk that extends from an opening in the small end of 
the larger valve. Brachiopods do not grow together in the form of 
colonies, but great numbers may be found in certain localities where 
the environment is favorable. Most brachiopods live in shallow 
water, but some have been dredged from depths of 18,000 feet. There 
are more than 225 living species of brachiopods and several thousand 
fossil forms that date from the Proterozoic period. 

,u The Mollusks . The mollusks include an extremely 
varied group of invertebrates with bilaterally symmetrical bodies 
covered with a thin fold of skin called the mantle. Most of them 
have protective external shells of various sizes and shapes. A few 
have an internal shell and others have lost the shell. There are more 
than 60,000 living species of mollusks. Pelecypods include oysters, 
clams, mussels, and many other related forms. The shell is composed 
of two valves which are held open by a special ligament along the 
hinge line and closed by powerful muscles inside the valves. The 
majority of pelecypods are able to move slowly about by expanding 
and contracting a muscular “foot” which can be extended from the 
open front end of the shell. A few pelecypods fasten one of their 
valves to some object and remain fixed throughout life. When some 
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irritating object like a grain of sand or the larval form of an inver¬ 
tebrate gets inside their valves, some pelecypods, try to stop the 
irritation by depositing successive layers of mother of pearl around 
the object, thus forming a pearl. The famous Japanese pearl indus¬ 
try is based upon this habit that oysters, especially, possess. Most 
pelecypods are marine in habit, but fresh-water forms are quite 
common. Some varieties burrow into the mud while others even dig 
into wood and soft rock. Pelecypods have not been definitely identi¬ 
fied from the Cambrian period, but they were very common in the 
Ordovician. Locales where they are found range from the shallow 
waters upon the continental shelf down to depths of over three miles. 

1. Gastropods, or Snails. Gastropods usually build spirally coiled 
shells that vary greatly in shape and size, with the outer surface 
either smooth or ornamented with spines and ridges. Snails possess 
a definite head, and the eyes are found at the outer ends of slender, 
fleshy feelers which can be retracted upon contact with some object. 
The mouth is equipped with a band of chitin covered with rasping 
teeth which are used to file their way through pelecypod and even 
snail shells in order to reach the animal inside the shell. When a 
gastropod moves, the fleshy “foot” is extended through the aperture 
and the shell is carried along on the back of the animal. The gastro¬ 
pod group is a very adaptable one. They are found in the sea, in 
brackish water, in fresh water, and in many places on the land. Most 
of them are shallow water forms, but some have been dredged from 
depths of more than three miles. They have been found high up in 
the Himalaya Mountains, over 18,000 feet above sea level. The earli¬ 
est gastropod fossils appear in rocks of the Cambrian period. 

2. Cephalopods. The cephalopods are highly specialized inverte¬ 
brates that have assumed a great variety of forms. There are more, 
than, 150 modern genera and over 10,000 fossil species. The typical 
cephalopod shell is conical in shape and may be either straight or 
coiled, usually in one plane, , but often in many bizarre forms. The 
first part of the shell is built when the animal is small, and as the 
cephalopod gets larger it builds additions to the shell, each one with 
a larger diameter. The growing animal thus abandons the smaller 
portion of the shell, moves forward into the new part, and shuts off 
the old part by means of a transverse partition. A cross section of 
the shell will often show a long succession of partitions dividing the 
interior of the shell into a series of chambers. The famous poem by 
Oliver Wendell Holmes describes a modern cephalopod as “The 
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Chambered Nautilus.” The muscular tentacles around the mouth 
of a cephalopod are used for grasping various objects, and some 
forms have sucker-like disks on the undersides of the tentacles. The 
well-developed eyes are usually of large size. There is a funnel- 
shaped tube beneath the mouth, and the animal is able to move 
rapidly backwards by forcing successive jets of water out through 
this tube. Some cephalopods can eject a dark brown substance into 
the water and thus form a “smoke screen” which often enables them 
to escape from enemies. Some of the cephalopods of the Ordovician 
period built straight shells over 10 feet long and were the dominant 
animals of their time. 

The modern squid has an internal skeleton. These animals live in 
the ocean today in vast numbers. The ancient squid, or belemnite, 
also had an internal skeleton, of which a solid cigar-shaped portion 
is often found preserved in Jurassic and Cretaceous rocks. The giant 
squid is known to reach a length of 50 feet. The modern octopus is 
without a shell or skeleton. Cuttlebone, obtained from a kind of 
cephalopod called the cuttlefish, is used in making scouring powder, 
and caged birds are often given pieces of cuttlebone which they eat 
to obtain salts and lime. Portions of both the squid and octopus are 
favorite objects of food among some races. Cephalopods are known 
from the Cambrian period to the present. 

Trilobites. These extinct members of the crustacean 
class built hard exoskeletons, or external skeletons, of chitin which 
completely enclosed the soft body of the animal. The growing tri- 
lobite periodically molted this inflexible skeleton and developed a 
new one to accommodate the larger animal. The modern lobster 
has a similar habit. A median ridge runs from the head to the tail 
and divides the exoskeleton into three parts. The eyes are large and 
compound like those of certain insects. Trilobites varied in length 
from less than one-half inch to over 27 inches, and most of them 
were probably predatory animals. Some of them developed the habit 
of rolling up like an armadillo, possibly for protective purposes. Tri 
lobites reached their climax in the late Cambrian and Ordovician 
periods and became extinct during Permian time. 

Insects. These highly evolved invertebrates breathe 
air by means of special tubes located along the sides of the body. 
Many recent and fossil insects have wings, but the first forms were 
probably wingless. Insects reproduce in such incredible numbers 
that they are world-wide in their distribution. Although most of 
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these remarkable invertebrates are relatively small, they are actively 
competing with man for the dominance of the earth. They are great 
carriers of diseases and often destroy vast quantities of food. Their 
attacks upon the human race may thus be both direct and indirect. 
There are more than half a million described species of insects, and 
tlie total number of living varieties is doubtless several million. 



Fig. 164. Cambrian Trilobites. From drawings by Charles Walcott. 


)! . 

The bees, termites, and ants represent the climax of evolution 
among the insects; their success has been so outstanding th%\ t it'is 
surpassed only by the vertebrates. The ants and bees in particular 
have highly developed instincts that approach the intelligence of the 
vertebrates in efficiency. Their social life is highly developed, and 
the acts of their daily lives are well regulated. The subject is so in¬ 
teresting that numerous books have been written about ants a^d bees. 

Arachnids. These animals include many different types, 
such as spiders, scorpions, ticks, mites, horseshoe crabs,,and extinct 
eurypterids. Some member of this group was the ancestor of the 
modern scorpion, which was one of the earliest land-living, air- 
breathing animals. Limulus, the modern horseshoe crab, is espe¬ 
cially interesting because it has descended from ancient Jurassic 
ancestors almost without change. 

THE VERTEBRATES 

During several hundred million years of geologic history, the in¬ 
vertebrates were the highest forms of animal life upon earth. They 
hat} .developed an enormous number of highly diversified forms, but 
during all those ages there was no apparent evidence that any higher 
form ,qf life was evolving. However, evolution is a continuing proc¬ 
ess, aind somewhere some unknown invertebrate was slowly develop- 
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ing the essential characteristics of the vertebrates. This unknown 
ancestor has never been discovered, but it probably belongs to one 
of the existing groups of invertebrates. It seems strange that, with 
all the available knowledge of fossil an<J existing invertebrates, the 
connecting link with the vertebrates has not been found, but there 
are doubtless many unknown fossil formsr of invertebrates among 
the known phyla, and the problem of vertebrate origin must wait 
further discoveries, i . 


VERTEBRATE CHARACTERISTICS 

Bilateral symmetry is one of the obvious characteristics of the 
vertebrates. This means that the left half of the body is a mirror 
image of the right half and while the symmetry may not be perfect, 
still it is essentially so. Vertebrates are in general far more active 
than the invertebrates, many of whom show radial symmetry. The 
skeletons of the vertebrates are internal and are commonly made of 
bone or cartilage, and they serve to support the fleshy parts of the 
body. The backbone of the true vertebrates consists of a series of 
jointed cartilages or bones running along the dorsal or back side of 
the animal to stiffen and support the body. The majority of verte¬ 
brates have a pair of legs in front and a pair behind. Some of the 
exceptions are the fish (but many of these have paired fins) and 
animals like the snakes in which the legs have been lost by adapta¬ 
tion. Some of the snakes still retain vestige^ of limbs. The relatively 
heavy bodies of the vertebrates are moved about by means of power¬ 
ful muscles. The vertebrates all have a hollow spinal cord located 
just above or behind the backbone, which is on the dorsal side of 
the body. The brain is located at the front, or top, end of the great 
nerve cord, and is largely in control of the complicated nervous 
system. Special organs of sense, such as eyes, ears, and nostrils are 
also present. All vertebrates that live on the land, with few excep¬ 
tions, breathe by means of lungs. Fish and larval amphibians breathe 
by means of gills. Gill slits are also found in the early embryonic 
development of vertebrates. These have no real function in any of 
the forms except the fish, but one pair becomes the eustachian tubes 
which lead from the middle ear to the throat. 

> 

STORg^OF THE FISHES 

Animals have many remarkable qualities; among these is some 
force that drives them on to higher and higher forms. Even though 
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we do not know how or why the first vertebrates evolved, still this 
great event finally happened, and almost from the time of their ap¬ 
pearance this new group assumed a dominant position in the life of 
the world. The fish were the first really great and successful group 
of vertebrates, and the earliest traces of primitive forms of the fish 
family were found in Ordovician rocks at Canon City, Colorado. 
These remarkable remains occur in the Harding formation and con¬ 
sist of a great many detached plates and scales that once covered the 
bodies of lowly members of the fish family, probably the ostraco- 
derms. No complete specimens are known, although one fairly well- 
preserved individual was found and accidentally destroyed. Still 
later other scales of the same age were found in the Black Hills, the 
Bighorn Mountains, and still more recently in Middle Ordovician 
rocks in the Northern Peninsula of Michigan. Thus the geographic 
range of Ordovician ostracoderms is being extended, and good speci¬ 
mens will probably be discovered some day. The earliest fish had no 
true jaws; these structures developed later from two pairs of bony 
rods which had previously supported a pair of gills. The rods moved 
into relatively horizontal positions, the front pair became fastened 
to the skull as upper jaws, while the second pair remained free atid 
movable as the lower jaws. Teeth later evolved from a particular 
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kind of fish scale which had a hard outer covering of enamel and a 
core of dentyne—the essential structure of teeth in all the higher 
forms of vertebrates today. 

Some interesting fish. The endoskeletons of the prim¬ 
itive fish were probably made of cartilage. Modern sharks still retain 
this type of skeleton and thus reveal their ancient lineage. The domi¬ 
nant type of fish today has a bony skeleton. Such fish are found 
everywhere throughout the seas and in the lakes and rivers on the 
land. There are at least 20,000 species of bony fish, or teleosts, living 
in marine waters at the present time. The group has developed 
many amazing varieties, both in shape and size. The mackerel is 
typically spindle-shaped and is a very rapid swimmer, while the eel 
is greatly elongated like a snake. The electric eel has greatly modi¬ 
fied certain parts of its nervous system so that the animal is a verit¬ 
able electric battery and it is able to develop approximately 550 volts 
of electricity. The flounders have flattened bodies, and they lie with 
either the right or left side upon the sea bottom, while one of the 
eyes moves into position beside the other one upon the upper side 
of the head. The archer fish from the East Indies has a special device 
in the roof of its mouth by means of which it is able to eject an ac¬ 
curate stream of water for a distance of a few feet above the surface 
of the stream or pond and thus capture insects and spiders. The mud 
skipper is found in southeastern Asia and on some of the islands as 
far from the mainland as Australia. This peculiar fish comes out of 
the water and moves vigorously about over mud flats and even .climbs 
up the inclined roots of trees which may be near the water. Some 
deep sea fish which live in complete darkness carry rows of glowing 
spots along their sides that light up the surrounding water. 

The fishes leave the water. The most important event 
in evolutionary history, next to the appearance of life itself, was the 
emergence of certain fish from their old, limiting, aquatic environ¬ 
ment and their gradual adaptation to a life at least partly on the 
land. This dramatic event required the development of certain 
structures, of which the two most significant were the paired limb- 
fins and swim-bladder lungs. 

The fins of the ordinary fish are stiffened by the presence of nu 
merous slender rods of bone, but in the Devonian lobe-finned fishes 
the paired fins are supported by broad bones. The difference be 
tween the fin-limbs of these advanced types of fish and the limbs of 
the primitive amphibians are relatively minor ones, so that we can 
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have no serious doubts about where the land-going vertebrates ob¬ 
tained their paired limbs. 

Many of these same lobe-finned fishes developed a double sac- 
like structure in the region of the chest, and a fleshy tube connected 
this sac to the oesophagus. The thin inner walls of this remarkable 
structure were roughened and corrugated and contained numerous 
blood vessels. Air was taken into this sac, and oxygen passed through 
the thin inner walls into the blood stream. Thus the lobe-finned 
fish was able to breathe air by means of a device that functioned 
essentially as do the lungs of the higher vertebrates. Many fishes of 
the Devonian period possessed this type of lung, which enabled them 
to survive in water that was unfit for fish that were equipped only 
with gills. There are living fishes that are air breathers, and some of 
them can survive for several months out of water by burrowing into 
the mud at the bottom of the swamp when the water disappears dur¬ 
ing the dry season. 

Many of the lobe-finned fishes were therefore able to venture out 
of the water for a short time and move about upon the land. Their 
movements were not quite like those of later land-going animals, 
but at least they represented the first feeble attempts of the verte¬ 
brates to get out of the water and adjust themselves to a new environ¬ 
ment. The lobe-finned fishes apparently have the distinction of being 
the first land-going, air-breathing vertebrates, but they were never 
completely adjusted to life out of the water and even the descend¬ 
ants of these animals, the amphibians, did not complete the adjust¬ 
ment to the land. This honor was reserved for the reptiles. 

THE AMPHIBIANS 

The evolution of the fish into the amphibian went on during the 
Devonian period; by the end of the period the true amphibian had 
appeared. The remains of these earliest semi-aquatic, air breathing 
animals, with legs instead of fins, were discovered in late Devonian 
sediments on the eastern coast of Greenland and at Scaumenac Bay, 
Quebec. The climatic conditions of that time must have been at 
least sub-tropical in Greenland or the amphibians could not have 
survived. 

' The amphibian group, just one evolutionary step above the lobe- 
finned fishes, are very primitive four-footed animals. Since they were 
the only vertebrates above the fishes fr&m the Devonian until the 
Pennsylvanian period, when the first f reptiles appeared, the amphib- 
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ians must represent the stock from which the higher forms of verte¬ 
brates yre re derived. 

The modern frog is a somewhat highly specialized amphibian, 
but its life history will serve to demonstrate the remarkable changes 
through which most members of the group pass from their earliest 
to the adult life. The eggs of the frog are comparatively small, and 
they have no heavy protective shell or membrane such as the eggs 
of the birds and reptiles possess. The eggs.of the frog are laid in the 
water, and, because there is no yolk or food inside the egg to nourish 
the embryo, it emerges as a very small tadpole; and goes through its 
larval development in the water. At firj^ft" does not even remotely 
resemble the later frog, but it has many of the essential character¬ 
istics of a fish and even breathes byl^ft&ns of external gills. No legs 
or lungs are present, and the animal- gets its food entirely from the 
surrounding* water. The animal grows larger, and when it ap¬ 
proaches maturity great changes take place. The gills gradually dis¬ 
appear, the lungs develop, the legs are formed, and,'with the final 
disappearance of the long tail, an adult frog emerges as the final 
product of a series of changes that seem to recapitulate in many re¬ 
spects the evolution of the fish into the amphibian. Even though the 
adult frog is able to breathe air and hop about upon the land, it is 
never a completely land-going animal. It must always protect its deli¬ 
cate skin against the drying action of the air, and when egg-laying 
time comes it must go back to the water environment of its ancient 
ancestor, the lobe-finned fishes. The living salamanders are not so 
highly specialized as the frogs and, therefore are probably more like 
many of the old fossil forms, especially the most primitive ones. The 
tail is somewhat flattened, and the animal swims by means of un¬ 
dulating movements of the entire body in the manner of a fish; the 
weak limbs are hardly better for walking purposes then the fin- 
limbs of the lobe-finned fishes. The lungs are not very efficient in 
many of the modern amphibians, and some oxygen is absorbed 
through the thin skin, or, in cases where the lungs are undeveloped, 
breathing is entirely through the skin. Some amphibians never de¬ 
velop lungs and so remain gill breathers throughout their lives which 
must therefore be spent in the water. Most modern amphibians are 
without scales, but some of the extinct forms had bony scales similar 
to those of the ancestral fish. There are also a few limbless amphib¬ 
ians that are nearly blind and. with their burrowing habits, resemble 
large worms. 
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Fig. 166. Eryops, a giant amphibian from the Permian of Texas. By John 
Jesse Hayes. 


The amphibians reached their climax in numbers and varieties 
during the widespread swampy conditions of the Pennsylvanian pe¬ 
riod, when tropical and subtropical conditions prevailed in latitudes 
far higher than at present.. Some of the large fossil forms •of the Per¬ 
mian and Triassic periods reached the great length of 10 feet. The 
amphibians have not been eminently successful either as aquatic 
animals or land-living forms, even though the group has been able 
£o maintain itself against its enemies for many millions of years. The 
amphibians are reduced today to an inferior place among the verte¬ 
brates, and they will continue to decline and may eventually disap¬ 
pear from the earth. Their greatest handicaps He in that they must 
always go back to the water during the egg-laying season and that 
they must constantly protect themselves against the dry air. One 
group, however, did give rise to the, reptiles, and, because of this 
contribution to the evolution of life, they have probably justified 
the failures of other members of their race. 

THE REPTILES 

The amphibian ancestor of the reptiles solved a great evolution¬ 
ary problem by evolving a; new type of egg, which could be laid upon 
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the land and from which the young reptile could emerge already 
adjusted to life on the land. The reptile egg is a great deal larger 
than that of the amphibian, and it is protected by a hard or leathery 
covering so that it does not dry up when laid upon the land surface. 
It also contains a great quantity of food to nourish the young ani¬ 
mal until it reaches an advanced stage of development. Conse 
quently, when the young reptile hatches, it is essentially the same as 
the adult except for the matter of size. There is no aquatic stage in 
its early life, so that gills are never needed. This release from 
the old aquatic environment that had so handicapped the amphib¬ 
ians was a very important forward step in the evolution of the verte¬ 
brates, because it meant that a group of animals had finally appeared 
that could begin to spread widely over the land and adjust them¬ 
selves to the many varied types of environmental conditions avail¬ 
able. The rise of the reptiles was slow at first, but eventually they 
became so numerous and developed so many different forms that 
they easily became the rulers of the land, the sea, and the air. This 
dominant position was maintained against all opposition for a hun¬ 
dred million years, and yet in the end most of the great groups dis¬ 
appeared from the face of the earth, leaving only a few modern 
forms. 

Several forms that represent transition stages between the am¬ 
phibia and the reptiles are very difficult to classify precisely because 
they have some of the characteristics of both groups. Such discover¬ 
ies, however, are very valuable because they help demonstrate the 
concept of evolution. 

The earliest reptiles walked with a sprawling posture, with their 
legs at right angles to the body. No animal with the limbs in this 
position could walk very well without taking numerous rest periods, 
and the body was in contact with the ground for long periods. Such 
a posture is seen among the lizards today. Although they are able to 
run rapidly for a short distance, the effort required to lift the body 
off the ground is tiring, and lizards are not great travelers. Turtles 
and crocodiles are other examples of living reptiles that have re¬ 
tained the old sprawling posture. The turtles have gone back to 
the water in many cases and their movements in the old aquatic 
environment is relatively easy. Other groups of reptiles became 
aquatic and semi-aquatic, this being the line of least resistance and 
a way of escaping from the difficulties-of getting around on the land. 
In still other groups of reptiles the position of the legs shifted a little 
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so that they were underneath the body; with this important change 
the reptiles began their real conquest of the land. Some reptiles 
abandoned the posture on all fours and learned to walk on their 
hind legs only. In such cases the front limbs were shortened and in 
some of the dinosaurs they became vestigial. The reptiles that re¬ 
turned to the sea became real “sea serpents” and in some cases their 
adaptation to the water was so complete that the legs were shortened 
or converted into* paddles and the animals practically confined to the 
water. Some forms developed grasping hands and feet and may have 
lived in the trees, while others turned their arms into wings and took 
to the air. Flying reptiles were once world-wide in their distribution. 
The flying mechanism consisted of a greatly elongated fourth finger 
and a thin membrane of skin which was stretched from this long 
digit to the body. 

Although the dinosaurs are extinct reptiles, this group alone was 
sufficient to have given the name, “Age of Reptiles,” to the Mesozoic 
era. Dinosaurs spread over much of the earth’s surface, and they 
must have been the dominant forms wherever they went. There 
were carnivorous, herbivorous, and omnivorous dinosaurs. Some 
lived entirely on the land and others led a semi-aquatic life. The 
largest of all the dinosaurs probably spent most of their lives in 
fresh-water lakes, rivers, and swamps. 

THE BIRDS 

The birds are so closely related to the reptiles that their only real 
distinguishing characteristic is the presence of feathers, and ever, 
these remarkable structures have evolved from the scales of the rep 
tile. This close relationship to the reptilian stock is especially well 
shown in the earliest known representatives of the birds that lived 
in the Jurassic period. These feathered animals had well developed 
teeth in their jaws, functional fingers-With claws on their wings, and 
a long bony tail like that of some of the Small carnivorous dinosaurs. 
The only two known skeletons of these Jurassic birds were found 
in the Solenhofen lithographic limestone in Bavaria, and if the im¬ 
pressions of the wing and tail feathers had not been found with the 
bones, it would have been practically impossible to determine 
whether the creatures were birds or reptiles. The modem birds have 
lost their, teeth and the long bbny tail, but there still are vestiges of 
three fingers on the wings. 

The strong flight feathers on the wings grow out of the flesh along 




Fig, 167. A scene in the western United States during the Jurassic period. The great Brontosaurus shown may not have been 
able to walk freely on land, as shown here. His bulk may have been too great. From a painting by C. R* Knight, ca&ftesy Chi - 
cago Natural History Museum . 





Fig. 168. Plesiosaurs, marine reptiles in a Mesozoic sea. By John Jesse Hayes. 

the back side of the forearm, while the rest of the body is covered 
with softer feathers which serve to insulate the body and maintain 
the condition of warm blood. The great bodily activity of the birds 
has made warm blood inevitable, and in this respect they differ from 
the reptiles, although something approaching the warm-blooded 
condition may have been characteristic of some of the more active 
reptilian forms. 

Birds still have scales on the lower parts of their legs, and the toes 
are equipped with efficient claws. The beginnings of teeth have been 
observed in some birds before they were hatched, but the develop¬ 
ment is never completed. The Hoatzin is a peculiar bird that lives 
in the tropical parts of South America and it has functional claws 
on the first and second fingers of the wings. These claws are used for 
climbing around through the trees and are reminiscent of the climb¬ 
ing habits of the Jurassic birds. Archaeopteryx and Archaeornis, 
which had three functional claws on their fingers. 

The wings of the Jurassic birds were weak, and the small size of 
the breastbone woujd -further indicate that their powers of flight 
were not developed^much beyond the gliding stage. Some authors 
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derive the birds from a small arboreal reptile, while others believe 
that they evolved from an active land-living reptile. Some of the 
small carnivorous dinosaurs have skeletons that are quite similar to 
those of Archeopteryx and Archaeornis. 

The Cretaceous bird called Ichthyornis had well developed wings, 
and teeth were still present. Toothless birds appeared towards the 
end of the Mesozoic era, and the modern types have had their great 
radiation since the beginning of the Tertiary period. Several types 
of giant, flightless birds appeared during the Cenozoic era; their re¬ 
mains have been found in North and South America, New Zealand, 
ma Madagascar. Some of these birds reached a height of 10 feet, and 
the great moas were still living in New Zealand when the islands 
were invaded by those bold navigators, the Maoris. Large flightless 
birds, the ostriches, are found today in Africa and closely related 
forms, the emus, are living in Australia. The dodo, a relative of the 
pigeon, lived on the island of Mauritius where it was finally exter¬ 
minated by sailors in search of water and food. The passenger pigeon 
became extinct only a few years ago. The wings of the modern pen¬ 
guins are useless for flying, but, modified into paddles, they have 
made these birds powerful swimmers and divers. 

The seasonal migrations of modern birds, among their most re¬ 
markable habits, are very difficult to explain. The migrations may 
cover several thousand miles, and they sometimes occur over great 
stretches of open water. Whatever the explanations may be, the phe¬ 
nomenon is usually witnessed twice a year, in the spring and in the 
fall. Birds are still very numerous, but they would be still more 
abundant if man, with his predatory habits, had not destroyed or 
occupied many of their nesting places. Some modern birds furnish 
man with a great deal of food, while others, by eating harmful in¬ 
sects, are a great help to farmers and orchardists. 

THE MAMMALS 

The mammals represent the highest group of vertebrates that has 
yet appeared, but the first fossil members of this great family are 
from rocks of the Jurassic age, which witnessed the climax of many 
orders of reptiles also. The reptilian stock which gave rise to the 
mammals has been traced back to the Permian period, and 'Jie mam¬ 
mal-like reptiles from the Permian and Triassic of South Africa are 
very close to the main line of evolution which culminated in the 
true mammals. The mammalian characteristics of these reptiles are 
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shown in many parts of the skeleton. The legs have moved into the 
positions in which they are found in the typical four-footed mam¬ 
mals, the tooth-bearing bone in each half of the lower jaw is very 
prominent, and the skull has as many mammalian as it does reptilian 
characteristics. It is impossible to say whether these animals had 
evolved the warm-blooded condition that is characteristic of all the 
mammals, but they had doubtless made some progress, at least, in 
that direction. The body covering is also unknown, but some ances¬ 
tral form must have developed hair which is still found in nearly all 
mammals. The four-chambered heart is associated with warm¬ 
blooded animals and is found in the birds and mammals. 

The brain is much better developed among the mamals than in 
any other vertebrate group, and this feature, together with the more 
highly developed nervous system, is responsible for the alertness and 
activity that are characteristic of the mammals. 

The teeth of the mammals are differentiated into incisors, canines, 
premolars, and molars, and the common number of teeth among the 
early members of the group was forty-four. Most modern forms have 
fewer than this number. 

The modern duckbill, or platypus, and the spiny anteater, both 
of the Australian area, are strange creatures. They are mammals, but 
instead of bearing their young alive, they lay eggs after the manner 
of reptiles. These strange creatures are “living fossils,” or hold-overs 
from the age of reptiles when the ancestors of the mammals were 
changing from the egg-laying method of reproduction to that of the 
modern placental type in which the young are born alive. 

The marsupials, or pouched mammals, represent another primi¬ 
tive type. The young marsupials are horn in such an immature stage 
of development that they must be sheltered in a special pouch on 
the abdominal surface of the mother. Here they remain and are 
nourished by milk until they are able to take care of themselves. The 
opossum is the only marsupial that is living in North America, but 
many fossil forms have been found. The egg-laying mammals and 
considerable numbers of marsupials, such as the kangaroo and the 
wallaby, are still living in Australia because that great land mass 
was separated from the mainland of Asia before the fierce and preda¬ 
tory placental mammals were able to reach the Australian region. 

The %sh-eating mammals have highly specialized teeth that are 
useful in capturing, holding, and tearing their prey. The incisor teeth 
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are for biting or nipping, and the long canines are capable of tearing 
flesh and inflicting terrible wounds by stabbing. The scissor-like 
teeth on the sides of the jaws are highly specialized for slicing and 
cutting. These teeth are long, with a narrow upper surface, and 
when in use the teeth in the lower jaws move along the inside of 
those in the upper jaws, thus making efficient shearing devices. The 
majority of flesh eaters must capture their own food and conse¬ 
quently have developed the two valuable characteristics of speed 
and cunning. They are usually able to outwit the herbivorous mam¬ 
mals. Cats, weasels, and dogs are typical carnivores. 

There are semi-aquatic mammals like the hippopotamus otter, 
beaver, muskrat, seal, and sea lion; and other forms, like th« whale 
and porpoise, live entirely in the water. The polar bear is an exam¬ 
ple of a modern mammal that is in process of adapting itself to a 
semi-aquatic life. This bear is a powerful swimmer and is very much 
at home in the water. The bottoms of the broad, flat feet are covered 
with hair. The polar bear eats seals and fish during the long winters 
and in the short summers its food consists partly of berries and even 
grass. Prairie dogs, coyotes, and jack rabbits are able to live in semi- 
arid regions, and the Arctic wolf endures the severe cold of the 
northern regions. The bats have modified their arms into wings and 
are the only known flying mammals. The presence of sharp claws 
enables some forms to climb, and some groups, the monkeys, for in¬ 
stance, spend most of their lives in the trees. The elephants are the 
largest land mammals living today. Some mammals, such as cattle, 
sheep, and pigs, have been an extremely important source of-,*food 
for many races of human beings for several thousand years, and the 
loss of this concentrated energy-producing food would be a serious 
matter for mankind. During the latter part of the Pleistocene, or Ice 
Age, thousands of wild horses were killed and eaten by men of the 
Old Stone Age. For many centuries the Eskimos have dejpended upon 
the skins of mammals for clothing and upon their fleiffi-jEor food. 

The anteaters of South America have a specialized afet that con¬ 
sists almost entirely of insects. The mouth is a very small opening 
at the outer ends of the jaws, through which a long, Acky tongue 
is thrust into a nest of insects, which are drawn into tlilSertimth. The 
tree sloths live in the forests of South America anjj^spend most of 
their lives hanging from the undersides of branches by means of 
their long, curved claws. Their movements through the trees are 




Fig. 169. The great ground sloth (left) and giant armadillo-like glyptodont (right) of the Pleistocene of western North Amer¬ 
ica. From a painting by C. R. Knight, courtesy Chicago Natural History Museum . 
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slow and laborious, and they are especially helpless upon the ground. 

Primates. The primates, another branch of the mam¬ 
mal group, include the lemurs, monkeys, great apes, and men. Since 
fossil primates are rare, the geologic history of this group is imper¬ 
fectly known, but they appeared in the early Tertiary and spread to 
all parts of the world. The primitive North American forms disap¬ 
peared after the Eocene epoch, but certain species have continued to 
live in Central and South America until the present. The primates 
specialize in size and quality of brain, and the later forms, that even¬ 
tually evolved into man, became very skillful with their hands and 
developed a great variety of tools and implements. This tool-making 
and tool-using ability has reached an extarordinary stage of develop¬ 
ment among some of the modern races of men. 

The lemurs live today in the forests of tropical Asia and Africa, 
but they are most abundant on the island of Madagascar, where they 
live isolated from their natural enemies, the predatory mammals. 
Monkeys are higher types of primates than the lemurs, and they are 
found in both the Old World and the New World. The South 
American monkeys have widely separated nasal openings, and they 
have evolved into a great many different varieties. Some of the Old 
World monkeys spend much of their time on the ground, where 
they walk on the palms of the hands and the soles of the feet. The 
barbary ape, which lives on the rock of Gibralter, is the only Euro¬ 
pean monkey. 

The great apes. The manlike apes include the modern gibbon, 
orangutan, chimpanzee, and gorilla. These animals are structurally 
close to man, but they are not in the direct line of descent to the 
modern races of human beings. The small gibbon is largely arboreal, 
while the huge gorilla spends most of its time on the ground, where 
it commonly walks on all fours. 



CHAPTER 16 


The Geologic Story of the Earth 


The early parts of the earth’s His¬ 
tory, for an unknown time after it became a planet, cannot be read; 
but when the solid crust was formed, and especially with the sedi¬ 
mentary rocks, the writing of an amazing history began. The record 
is found in all the rocks that make up the crust of the earth, but 
not all of the record is accessible because so many of the older rock 
formations are covered up by later deposits. Erosion has removed 
thousands of feet of rocks from all the continents, and there is no 
geologic period that has not lost some important part of its once 
recorded history because of the destructive effects of weathering and 
erosion. 

THE ARCHEOZOIC ERA 

The oldest known rocks belong to the Archeozoic era, and the 
base of this great system has never been seen, from which facts we 
may infer the presence of even older formations. The record of this 
first era is a difficult one to read, because most of the rocks are buried 
beneath younger formations, and even those rocks that are exposed 
haye been greatly altered by metamorphism. In some cases, the orig¬ 
inal nature of the rock cannot even be, determined. 

There is a good exposure of Archeozoic rocks in walls of the Grand 
Canyon of the Colorado River, in northwestern Arizona, where the 
Vishnu series may be seen for several miles along the river at the 
very bottom of the great gorge. The rocks consist of schists, some of 
which were doubtless originally sediments, together with, great in¬ 
trusions of igneous rocks in the form of dikes. The total thickness 
of the whole series is unknown, because the bottom is not exposed, 
but it is several thousand feet deep, at least. After the deposition of 
the Vishnu series, these rocks were subjected to great mountain- 
making forces which upheaved a range of mountains that extended 
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north and south from the Grand Canyon region for unknown dis¬ 
tances. The evidence for the former existence of this mountain 
range is found in the rocks themselves. The alteration of the orig¬ 
inal formations into schist requires the tremendous forces of regional 
metamorphism, which are developed during the upheaval of moun¬ 
tains. 

The old expression “everlasting hills” is not a very accurate one, 
as geologists measure time, because, no matter how lofty a mountain 
range may be, it will gradually disappear under the slow but inevi¬ 
table action of the various weathering agents. The Grand Canyon 
Archeozoic mountains were slowly reduced to a peneplain, and this 
ancient erosion surface may still be traced for several miles along 
the walls of the canyon. Geologists have no accurate method of de¬ 
termining the height of the ridges and peaks in an old range of 
mountains that have been worn down to the mere stumps, but in a 
few cases the approximate width and length of the original mountain 
area can be determined, and from these the former height may be 
estimated. 

The Lake Superior region ol the United States and extensive areas 
north and northeast of the Great Lakes in Canada were affected by 



Fig. 170. Monument Valley in southern Utah-the remnants of ah ancient 
peneplain. By permission Spence Air Photos. 
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two great periods of mountain building. The first one, called the 
Laurentian Revolution, came about the middle of the Archeozoic, 
and the second one, the Algoman Revolution, occurred at the end 
of the era. Both of these far-flung revolutions were accompanied by 
great intrusions of granite batholiths, and, as the mountains were 
gradually worn down, these once deep-seated intrusive masses were 
exposed and may be seen today in several places north and east of 
the Great Lakes. The present surface of Canada, except for the 
mountainous parts in the east and west, has been reduced to a rela¬ 
tively flat area called the Laurentian peneplain or the Canadian 
Shield. 

The Grenville Series. The Grenville series of rocks 
outcrops from the Adirondack Mountains of upper New York north¬ 
ward for more than a hundred miles into Canada, and this series is 
especially important because it contains important indirect evidence 
of some kind of life that lived during the Archeozoic. A considerable 
part of the Grenville was originally limestone, and it may have been 
formed, at least in part, by plants and animals. These calcareous 
portions contain the famous Eozoon canadense which consists of 
serpentine and calcite in alternate light green and gray bands. It was 
formerly believed that these hemispherical masses of Eozoon were 
made by algae, but they may be entirely of inorganic origin. How¬ 
ever, the Grenville also contains enormous quantities of carbqiia- 
ceous material in the form of graphite, and it seemis likely that this 
material was formed by plants, and possibly animtls, that lived in 
the Grenville sea. No unquestioned fossils have ever been found in 
Archeozoic rocks, and there are several possible reasons for this ab¬ 
sence of fossilized organisms. It is true that the earliest forms of life 
were without hard parts and so could not have been preserved as 
fossils. Most of the Archeozoic sediments, including those of the 
Grenville, have been metamorphosed, and any organisms that might 
have existed in the ancient waters were probably destroyed long ago. 

Archeozoic ore deposits. The iron ore that is found in 
the Vermilion range of Minnesota is probably of Archeozoic age, 
although some geologists believe it was deposited in the Proterozoic 
era. The fabulous gold.deposits of the Kirkland Lake and Porcupine 
districts of Canada are of Archeozoic age. An important deposit of 
pitchblende, which has recently assumed world-wide significance 
because of die. development of atomic energy, occurs in Archeozoic 
rocks near Great Bear Lake in the Canadian Northwest. 
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THE PROTEROZOIC ERA 

The widespread igneous activity of the Archeozoic era gradually 
became less intense, and the rocks of the Proterozoic era are domi¬ 
nantly of sedimentary origin. Many of the formations are not meta¬ 
morphosed. Proterozoic rocks are exposed in the walls of the Grand 
Canyon of the Colorado, and in Glacier National Park of Montana, 
where the formations are 10,000 feet thick. 

Continental glaciation . Periods of continental glacia¬ 
tion have occurred at long intervals in geologic history; the first 
recorded one is from the Proterozoic rocks of southern Canada and 
die northern United States. The original extent of the glacier is 
unknown because only remnants of the tillite remain. 

Mineral deposits . The vast iron ore deposits of the 
Lake Superior region were formed in the Proterozoic era, and the 
great open pit mines of the Mesabi range in Minnesota are among 
the wonders of the world. Important mines are also operating in the 
Marquette-Crystal Falls districts of Michigan. Much of the high- 
grade ore in the Lake Superior district has been mined, but there 
are still great quantities of lower-grade ore. The amazing recent in¬ 
dustrial development of the United States has been in large part 
controlled by the richness of the Lake Superior ore, its accessibility, 
and the fact that it can be shipped cheaply by boats operating on 
the Great Lakes. 

The rich native copper deposits in the western part of the North¬ 
ern Peninsula of Michigan were discovered centuries ago by Indians 
who operated several shallow mines in the Copper Country, and the 
later exploitation of the great Michigan copper ore bodies has given 
us some of the most fascinating chapters in the whole history of 
American mining. Some of the mine shafts reach a depth of about 
two miles down the dip. Many of the once great mines are now 
closed because the expense of mining copper at such great depths is 
so great that Michigan copper can no longer compete with that of 
other districts. 

Most of the nickel that is used today comes from mines that have 
been opened in Proterozoic rocks in the Sudbury district of Ontario, 
Canada. 

The Killarney Mountains . A tourist in the Northern 
Peninsula of Michigan, when he approaches the city of Marquette 
from the east, will see in the distance a range of low hills stretching 
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northeast and southwest of the city. There is nothing very impressive 
about the height of these hills today, and yet they are all that is left 
of the once rugged Killarney Mountains. These mountains have 
been traced for about 700 miles from Ontario, through the western 
part of the Northern Peninsula of Michigan, and into Wisconsin. 
Their former extent toward the southwest must have been much 
greater, but the hills disappear in that direction beneath a cover of 
Paleozoic sediments. 

Life of the Proterozoic Era. Fossils are very rare in 
Proterozoic rocks, and yet a few have been found, proving that both 
plants and invertebrates were in existence. Great colonies of calca¬ 
reous algae occur in the Grand Canyon region and in Glacier Na¬ 
tional Park. A few thin-shelled brachiopods and some sponge spi¬ 
cules have been discovered, but the list is not very impressive. 

THE PALEOZOIC ERA 

The Cambrian Period. Geologic history becomes 
much clearer with the opening of the Paleozoic era, largely because 
of the numerous fossils, both invertebrates and vertebrates, that the 
sedimentary rocks contain. Each period in the Paleozoic era wit¬ 
nessed the invasion of the continents by shallow bodies of marine 
water called epeiric seas, which were temporary when compared with 
the oceans and changed their outlines frequently during each period. 
Relatively slight elevations or depressions of the continents, in vari¬ 
ous places, definitely cause extensive changes in the positions of the 
shore line. The average depth of these seas was probably less than 
200 feet, but during the Paleozoic and Mesozoic eras they received 
great quantities of marine sediments, which today contain an im¬ 
portant record of the marine life of those times. 

Geosynclines are long and relatively narrow, trough-like areas, 
bordered on at least one side by a high land or by a land that rose 
intermittently during a great interval of time. Sediments from the 
land were carried by streams and deposited in the sea that covered 
the area of the geosyncline, and, as the deposition continued, the 
bottom of the trough subsided until sediments to a thickness of many 
thousands of feet had accumulated in water that was always shallow. 
Pressure applied to these thick sedimentary accumulations resulted 
in the upheaval of extensive mountain ranges in nearby areas. Most 
of- the great mountains of the past and the present were formed in 
this manner. 
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The Appalachian geosyncline originally occupied the approxi¬ 
mate position of the Appalachian Mountains, and it was bordered 
on the east by the Land of Appalachia which stood at its highest 
elevation in the Cambrian period and was gradually reduced during 
later periods. The Cordilleran trough was located about where the 
modern Rocky Mountains of Canada and the United States are 
found, and it was bordered on the west by the Land of Cascadia. 
The interior of North America stood at a comparatively low eleva¬ 
tion during the Paleozoic era, and the areas both of the geosynclines 
and of the interior of the continent were frequently invaded by 
epeiric seas. 

A typical cycle of marine invasion began in the early Cambrian 
period when epeiric seas invaded the Appalachian and Cordilleran 
geosynclines from the north and south ends. The invasion continued 
until both troughs were filled with marine water, and, at about the 
middle of the period, the sea began to move eastward from the Cor¬ 
dilleran trough across the northern part of the United States. At the 
climax of the inundation there may have been a continuous water¬ 
way from the east to the west. Waters also invaded the Ouachita 
geosyncline, which extended east-northeast across northern Mexico, 
Texas, and Oklahoma, and the sea in this trough finally merged 
with the one that extended eastward from the Cordilleran geosyn¬ 
cline. Finally, towards the end of the Cambrian era there was a 
general rise of the North American continent; the epeiric seas gradu¬ 
ally withdrew until the land was completely above the ocean level. 
Similar invasions and retreats occurred in the other periods of the 
Paleozoic era, but the marine water did not cover exactly the same 
areas that had been covered during the Cambrian. The numerous 
fluctuations of these epeiric seas during each period make it impos¬ 
sible to determine just how much of the continent was under water 
at any one time. 

As the epeiric seas invaded the land, marine organisms that had 
been living in the oceans came in with the advancing water and oc¬ 
cupied extensive areas on the sea bottoms, or floated freely at the 
surface, according to their various habits of life. Many of these ani¬ 
mals, with hard shells and skeletons, sank after death to the sea 
bottom, where they were buried in the accumulating sediments. 

Some extremely fine exposures of Cambrian rocks are found in 
the mountains of British Columbia, while others of a less picturesque 
nature occur in the Rocky Mountains of the United States, in the 
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upper part of the Mississippi Valley region, and in the Appalachian 
Mountains. The famous Ausable Chasm, in the Adirondack region 
of New York, has been eroded out of the Potsdam sandstone of 
Upper Cambrian age. 

Life of the Cambrian. By the beginning of the Cambrian many of 
the modem phyla were already in existence, but Cambrian rocks 
contain the first abundant fossils. This fact points to undiscovered 
ancestors that must have lived in Pre-Cambrian times. Trilobites, 
who had already reached a high stage of development, dominated 
the Cambrian seas. The remarkable fauna from the Burgess shale 
near Field, in British Columbia, contains a great many soft-bodied 
animals that are preserved in remarkable detail. 

The Ordovician Period. The marine cycles of the 
Ordovician period include the great Richmond sea, which covered, 
in its various pulsations, about half of North America. Richmond 
rocks, wherever they are found, contain a very rich and character¬ 
istic fauna. Southeastern Indiana, southwestern Ohio, and the North¬ 
ern Peninsula of Michigan are famous collecting grounds for Ordo¬ 
vician fossils. 

Life of the Ordovician. The floating marine animals called grap- 
tolites were abundant during the Ordovician period, and their re¬ 
mains are usually found preserved in dark colored shales. Cup corals 
were very common, and compound corals were locally abundant. 
Many genera and species of brachiopods lived in the Ordovician seas 
and some of them preferred slightly muddy sea bottoms. There were 
numerous representatives of the fragile crystoids, but their remains 
are rare. The first starfish appeared in the Ordovician period. Cepho- 
lopods with long, straight, megaphone-shaped shells were especially 
abundant, and some of their shells reached a length of over ten feet. 
Trilobites were still common, and some individuals were 18 inches 
long. 

The first vertebrates. Fossil remains of vertebrates appear for the 
first time in Middle Ordovician rocks. Their discovery was made at 
Cafion City, Colorado, but they have since been found in the Black 
Hills, the Big Horn Mountains, and in the Northern Peninsula of 
Michigan. The remains consist of plates and scales that formed the 
dermal armor of primitive types of fishes called Ostracoderms. A por¬ 
tion of a jaw set with teeth has been found in the lower Ordovician 
roduf of southeastern Missouri, and U has been proved to have 
belonged to a primitive form of fish. The appearance of vertebrates 
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is an event of the greatest significance, because they represent some 
of the earliest members of a group that became increasingly impor¬ 
tant during geologic time and finally dominated the entire earth. 
When man, the great predatory vertebrate, appeared, he set out upon 
a course of destruction that has led to the extermination or near¬ 
extinction of many other members of the group. 

The Taconic disturbance, which occurred toward the close of the 
Ordovician period, resulted in the upheaval of a mountain range 
that extended from a position at least as far north as Vermont, 
southward through eastern New York and Pennsylvania to Virginia. 
The present Green Mountains of Vermont are the re-elevated stumps 
of the ancient Taconic range. 

Economic deposits. The Trenton dolomite in the Ohio-Indiana 
oil field has produced petroleum and natural gas since 1883. Maxi¬ 
mum production was reached in 1896, and the field is now almost 
abandoned. If the gas pressure had not been exhausted so rapidly in 
the early days of production, the field might have had a much longer 
life. Ordovician formations, including both dolomites and sand¬ 
stones, have become of great importance as sources of oil and gas in 
parts of Kansas, Oklahoma, and Texas. 

Ordovician limestones in various parts of the Appalachian region, 
especially in Vermont and Tennessee, were metamorphosed during 
the Taconic disturbance into high-grade marble, used extensively 
where highly polished stones are needed in buildings. Ordovician 
limestone and dolomite are crushed and used in building roads and 
as a flux in the smelting of iron ore. Pulverized limestone is spread 
over farm lands where the lime content of the soil is low. Ordovician 
muds, which came largely from the Land of Appalachia, have been 
altered into slate, used for roofing purposes. Lime phosphate, a valu¬ 
able fertilizer which came from small Ordovician snail shells, is found 
in Tennessee. The St. Peter sandstone is composed of pure quartz 
grains and is used in making glass for windows and for optical pur¬ 
poses. Important deposits of iron ore are found in Ordovician rocks 
in Newfoundland. 

The Silurian Period. Climatic conditions in the geologic past are 
difficult to determine in detail, but there is evidence that well defined 
zones of climate, like those of the present, have not always existed. 
Instead, the evidence indicates that climates of the past have been 
more uniform over large areas of the earth than are those of the pres¬ 
ent. The proof of this greater uniformity is found in the widespread 
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distribution of similar forms of plants and animals from the sub¬ 
tropics to the north polar regions. Reef-building corals are particu¬ 
larly valuable as barometers of past climates because they have always 
lived in marine waters whose temperature cannot be colder than 
about 68 Fahrenheit degrees. Typical reef-building corals art found 
widely distributed throughout rocks of the great Middle Silurian or 
Niagaran sea. They have been found in Greenland and the Arctic 
regions of North America, and numerous reefs or bioherms, contain¬ 
ing many types of corals, occur in the northern part of Michigan, 
Wisconsin, Indiana, and Ohio. The corals are similar in these dif¬ 
ferent areas, and they must have lived in a warm, shallow, sea. 

Good exposures of Silurian rocks are found in the Niagara gorge 
and at the falls themselves, where the top rock is the Lockport dolo- 
mite.'The soft shales below the hard Lockport are worn back rapidly 
by the force of the spray from the falls until eventually the cap rock 
becomes top-heavy and drops to the foot of the cliff, causing a reces¬ 
sion of the falls. During the last 25,000 years Niagara gorge has been 
eroded headward a distance of about eight miles from the original 
fall zone—the Niagara escarpment at Lewiston, New York. 

Economic products. During a part of late Silurian time, the region 
that is now the Southern Peninsula of Michigan, northern Ohio and 
Pennsylvania, western New York, and southwestern Ontario, was 
occupied by a partly cut-off arm of the sea. The climate was arid, and 
as the marine water evaporated, salt was precipitated in a series of 
basins. The supply of salt water was occasionally renewed through 
some channel that led in from the open ocean, and the bottoms of 
the various basins subsided until in some places the salt reached a 
thickness of more than a thousand feet. There is a great salt mine 
near Detroit, Michigan, and Silurian salt is obtained from brine wells 
in Michigan, Ontario, Ohio and New York. 

Rocks of Middle Silurian age in the Appalachian region contain 
great quantities of low-grade iron ore. The chief mines are in the 
region of Birmingham, Alabama, where coal and limestone are also 
available, making possible the development of a great steel industry. 

Life in the Silurian. A few fossil land plants have been found in 
Silurian rocks but they are not preserved in great abundance. Land 
plants become increasingly important in succeeding periods. Scor¬ 
pion-like invertebrates, which probably breathed air and lived on 
th« land, appeared in the Silurian. 

The primitive fish called ostracoderms continued their develop* 
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ment during the period, and some well-preserved remains have been 
found in Norway. The placoderms or fish with true jaws, were also 
present in this period. 

The Devonian Period. When North America was a 
relatively low-lying land during the early part of the Devonian 
period, an epeiric sea invaded the Appalachian geosyncline. About 
the middle of the period another marine invasion began in the 
Alaskan-Mackenzie River area and spread southward over a wide 
region in the western part of North America into Mexico. A connec¬ 
tion between the eastern and western seas was established across the 
northern and southern parts of the United States, and about 40 per 
cent of the continent was finally submerged. 

The geologic record of the Devonian period in southern New York 
is unusually complete. The Oriskany sandstone was derived from 
crystalline rocks of the old Pre-Cambrian Adirondack dome of north¬ 
eastern New York and the Land of Appalachia. This widespread de¬ 
posit of sand was spread in the Appalachian trough from New York 
to Alabama. The Onondaga limestone was originally formed as an 
almost continuous deposit from Hudson Bay to Oklahoma and Ten¬ 
nessee. A reef composed of silicified Onondaga corals forms the “Falls 
of the Ohio River” near Louisville, Kentucky. This extensive lime¬ 
stone was followed by deposition of a black shale from New York and 
Pennsylvania westward to Kentucky, Ohio, Indiana, and Michigan. 

The most significant events in the Devonian period are concerned 
with the evolution of land plants and air-breathing vertebrates. For 
several million years all the known plants had lived in the seas or 
fresh water. Their adaptation to the land was an event of the greatest 
significance, because without land plants as an ultimate source of 
food there could never have been a widespread evolution of land ani¬ 
mals, either invertebrates or vertebrates. The few land plants that 
have been discovered in Silurian rocks give little clue to the amazing 
spread of plants widely over the Devonian lands. The first forests 
appeared at this time, and the fossil remains of these remarkable seed 
ferns have been found at several levels in Devonian rocks near 
Gilboa, New York, where the stumps are still in place, with their 
roots deploying through shale that was once the original soil. Not 
only are plants important for their food value, but they lend great 
beauty and interest to the landscape, which must have been rela¬ 
tively bare for millions of years before the Devonian period. We can¬ 
not assume that the Devonian land animals appreciated the trees for 
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their aesthetic value, but without these primitive plants as the ances¬ 
tors of later and more modern types, there never would have been 
any land vertebrates, and life would still be confined to the water. 

Siliceous or “glass sponges” were very common in the Devonian 
period. These invertebrates are represented today by the “Venus 
Flower Basket.” Reef-building corals were abundant in the warm, 
clear waters of the Onondaga sea. Brachiopods reached the peak of 
their development during this period, and enormous numbers of 
their perfectly preserved shells are found in some of the Devonian 
shales and limestones. Trilobites had passed the climax of their evo¬ 
lutionary development and were slowly declining. 

Air-breathing vertebrates. The first known air-breathing verte¬ 
brates were the lung fishes of the Devonian period. These animals 
had evolved an air sac in the chest region and one of its important 
functions was that of a breathing organ. Modern fish have these 
swim-bladders, which enable the animals to remain in an upright 
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' Fig. 171* Restoration of a Devonian sea bottom. Photo by Richard Askew, 
Cranbrook Academy of Art. 
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position, or to rise and sink in the water. The swim-bladder lungs of 
the Devonian fish were a little too close to the ventral side of the body 
to make them efficient for balancing purposes, and in the modern 
forms they have moved to a position slightly above the throat. The 
lungs of the Devonian fish enabled the animal to breathe air by 
thrusting its nose and mouth above water. Air-breathing fishes are 
still living in South America, Africa, and Australia, but in the 
Devonian period they were world wide in their distribution. The 
modern Australian lung fish is a “living fossil” because it has de¬ 
scended from Devonian ancestors almost without change. The 
African air-breathing fish has been known to live for more than two 
years out of water. 

The fishes that developed both lungs and leg-like fins probably 
made frequent excursions to nearby land in search of food, or pos¬ 
sibly they were looking for another pool of water in case the old one 
started to dry up. These fish thus led amphibious lives and were 
probably the ancestors of the amphibians. 

The earliest known amphibian remains are from Upper Devonian 
rocks of eastern Greenland and Quebec. Several skulls have been 
found from which it has been deduced that some of the animals were 
about four feet long. The presence of these large amphibians indi¬ 
cates that the climate of Greenland was much milder during late 
Devonian times than it is now. 

The amphibians represent the first step in the adaptation of verte¬ 
brates to life on the land and to air-breathing habits. The reptiles 
carried this adaptation still farther, but they are cold-blooded ani¬ 
mals and so are somewhat limited in their ability to live out-of-doors 
or on the exposed surface of the earth during cold weather. The 
warm-blooded birds and mammals, with their protective covering of 
feathers or hair, are able to live in hot or cold regions and have 
literally conquered the earth. 

Age of fishes . The Devonian period is sometimes called the Age of 
Fishes, for fishes dominated the seas and land waters of that time. 
Fishes were numerous, and some of them reached the great length of 
more than 20 feet. Several groups developed heavy armor plate over 
the forward parts of the body. There were also primitive members of 
the shark family with skeletons made of cartilage like their modem 
descendants. The carbonized skin of the Devonian shark, Cladosel- 
ache, has been preserved in a number of specimens found near Cleve¬ 
land, Ohio. 
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The Acadian disturbance. The observed effects of this mountain¬ 
making disturbance extend from the Acadian region of Canada 
southward through New Hampshire and along the western border of 
Appalachia Land to South Carolina. These mountains probably 
extended north of the Land of Acadia, but their exact coverage is not 
known.' The present White Mountains of New Hampshire are the 
worn down remnants of a portion of the ancient Acadians. The mod¬ 
ern Catskill Mountains of eastern New York have been formed by the 
dissection of a great mass of sedimentary material, mostly shale and 

sandstone, that was derived from the Taconic and Acadian Moun- 

; 

tains. 

Economic products. The famous oil district of western Pennsyl¬ 
vania has been producing oil from Devonian rocks since its discovery 
in 1859. The major oil-producing formations in the Southern Penin¬ 
sula of Michigan are of Devonian age. The Oriskany sandstone is 
used in the glass-making industry. 

The Mississippian Period. The Mississippian period 
was a time of comparative quiet and stability. A single great sea filled 
the Cordilleran geosyncline, and extended eastward across the Mis¬ 
sissippi Valley region to the Appalachian trough. This was a time of 
extensive limestone deposition. The Indiana limestone, or Bedford 
oolite, is the most widely used building stone of today, and most of 
the supply comes from the quarries around Bedford, Indiana. The 
stone is thick-bedded and of very uniform texture. Blocks of almost 
any desired size are easily obtained. *' 

The many hundreds of miles of caves in Kentucky have all been 
formed by solution of highly soluble Mississippian limestones. 

Life of the Mississippian Period. The crinoids, or stone lilies, and 
the bud-like blastoids reached their climax in numbers and varieties 
in this period. Mississippian rocks have yielded the remains of about 
800 different species of sharks, the majority of which had “pavement” 
types of teeth indicating that they fed largely upon mollusks and 
crustaceans whose shells were easily crushed by the specialized teeth. 

The amphibians were consolidating their position as the highest 
group of vertebrates that had yet evolved, pointing towards a grand 
climax in the next period. 

The Pennsylvanian Period and the formation of coal. 
The Pennsylvanian, the great coal-forming period of the Paleozoic 
era is sometimes called the Upper Carboniferous. Vast areas in the 
eastern half of the United States stood close to sea level during a part 
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of the Pennsylvanian period, and extensive fresh water swamps 
formed over the great undrained areas. In the tropical climate, plants 
grew in great luxuriance both on the land and in the water. A great 
deal of this plant material fell into the swamps, where it slowly 
decomposed, and more was constantly added to the accumulating 
mass because the plants grew the year round. As the plants decom¬ 
posed, some of their volatile constituents were lost, and lignite or 
brown coal was formed. Still later, sands, muds, and eve/? limestones 
were deposited over the lignite, subjecting it to considerable pressure 
and driving off more of the volatile parts until soft or bituminous 
coal was formed. Anthracite or hard coal is a product of metamor¬ 
phism, and the hard coal of eastern Pennsylvania is partly the result 
of the great pressures which were applied to the soft coal during the 
upheaval of the Appalachian Mountains at the end of the Permian 
period. Time was also an important factor in the whole process. 

Some interesting alternations of marine and continental deposits 
have been found in a number of coal fields in the interior region of 
the United States. A bed of coal is covered by marine shale and lime¬ 
stone, then comes more coal, again followed by marine deposits. This 
cycle is repeated several times in some of the coal fields, demon¬ 
strating numerous fluctuations of the land and sea. A slight depres¬ 
sion of the already low-lying land permitted a short-lived invasion of 
marine water which must have killed off the coal-forming vegetation. 
Then a slight rise of the land caused the sea to retreat, and coal 
forming conditions were once more established. 

Not only is coal the most widely used fuel, but an amazing number 
of materials and articles are made in part from its constituents. Penn¬ 
sylvanian rocks produce oil in the great Mid-Continent region of 
Texas, Oklahoma, and Kansas. 

Life of the Pennsylvanian Period . The luxuriant growth of plants 
in the Pennsylvanian period was made possible by an abundance of 
rainfall and the warm tropical and sub-tropical climate which ex¬ 
tended far into the Canadian region. The scouring rushes or Cala- 
mites reached the size of trees. Their modern descendants are 
common, but they are only three or four feet high, with the diameter 
of a lead pencil. The scale trees, Lepidodendron and Sigillaria, were 
gigantic in size. Some of them were more than a hundred feet in 
height with a diameter of six feet. Spindle-shaped Foraminifera, 
called “Fusulinids,” were important rock-building protozoans in the 
Pennsylvanian. 
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Fig. 172. Lepidodendron, a Pennsylvanian period 
scale tree. By John Jesse Hayes. 


Insects probably originated as wingless forms as early as the De¬ 
vonian period, but their fossil remains are exceedingly rare until the 
Pennsylvanian, when they suddenly appear in great numbers and 
many different varieties. Gigantic forms were very common. One 
dragon fly from the Coal Measures of Belgium has a wing spread of 
29 inches. Large cockroaches were abundant, and spiders were 
present. 

Amphibians. There was a great spread of amphibians through the 
rivers and fresh water swamps that covered such extensive areas in 
the Pennsylvanian period. Their evolution was greatly favored by the 
widespread mild climatic conditions, and the group reached its cli- 
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Fig. 173. Sigillaria, a scale tree from the coal-form¬ 
ing forest of the Pennsylvanian. Jiy John Jesse Hayes. 


max in genera and species at this time. Some of the Pennsylvanian 
amphibians were small like the modern salamanders and others 
reached the great length of 10 feet. One particularly large form from 
Kansas must have weighed several hundred pounds. 

The first reptiles. The reptiles were the first vertebrates to lay 
their eggs on the land and free themselves completely from an aquatic 
life. Fossil reptiles are very rare in Pennsylvanian rocks, and their 
land-living habits are partly responsible for this scarcity. 

The Permian Period. There was a comparatively 
small but general uplift of the central interior and eastern portions 
of North America towards the close of the Pennsylvanian period. The 
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swamps disappeared, and the period of coal formation came to an 
end, while the climate in general became drier. The sea that covered 
a large area in the western half of the United States in the Penn¬ 
sylvanian seems to have continued into the Permian with only minor 
changes in its position. The transition from the Pennsylvanian to the 
Permian is so gradual almost everywhere in the United States that 
it is impossible to fix a boundary between the sediments of the two 
periods. Marine water did not invade the Appalachian geosyncline 
area after the Pennsylvanian period; in the Permian the trough was 
a broad alluvial plain sloping gently westward. 

The Dunkard Series. There is an interesting series of sediments, 
called the Dunkard, covering about 8,000 square miles in south¬ 
eastern Ohio and adjoining parts of West Virginia and Pennsylvania. 
The rocks are mostly of continental origin, but some thin beds con¬ 
tain brachiopod shells of the primitive type called Lingula, as well 
as the spines of sharks. Their presence indicates that several tempo¬ 
rary pulsations from the main Permian sea in the southwest reached 
eastward as far as southwestern Pennsylvania. The water at the east¬ 
ern end of this embayment may have been brackish, but the fossils of 
a few marine animals that were able to live in the water have been 
found in the Dunkard sediments. The channel through which these 
temporary marine invasions reached their eastern terminus is not 
known. 

Ancestral Rockies. Certain uplifted areas called the Ancestral 
Rockies, which rose intermittently in Colorado, New Mexico, and 
Texas during the Pennsylvanian and Permian periods, furnished 
most of the material that is found today in the great red beds of the 
western interior and southwestern portions of the United States. 
These deposits consist of muds, sands, and coarse gravels that were 
washed down from the Ancestral Rockies and deposited by intermit¬ 
tent streams.that flowed with considerable volume only during the 
seasonal rains that came as cloudbursts do today. The red color was 
developed during the dry season by oxidation of the sediments. The 
fossil remains of amphibians and reptiles in the red beds mark the 
positions of ancient water holes or stream channels. The red beds are 
largely barren of fossils except for these scattered localities. 

The red rocks in the Garden of the Gods, west of Colorado Springs, 
are of Penhsylvanian-Permian age. The great Carlsbad Caverns in 
the southeastern corner of New Mexico have been dissolved out of 
Permian limestone. The magnificent scenery of Monument Valley 
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in northeastern Arizona has been carved largely out of red Permian 
sandstone. The Grand Canyon’s rim rock is also of Permian age. 

Continental glaciation . Extensive continental glaciers of Late 
Pennsylvanian and Permian age developed in South America, Africa, 
India, and Australia. Some of the glaciated areas are within the pres¬ 
ent tropics and sub-tropics, but the cause of this remarkable period 
of intensely cold climate is unknown. 

Economic products. Permian rocks in southern Oklahoma, the 
Panhandle of Texas, Wyoming, and Kansas have produced consider¬ 
able quantities of oil and gas. The Permian potash deposits of south¬ 
eastern New Mexico and western Texas are of great value. Extensive 
deposits of salt and gypsum are found in the Permian rocks of Kansas, 
Oklahoma, Texas, and New Mexico. 

The Appalachian Revolution. The Appalachian geosyndine began 
to receive sediments from the old borderland of Appalachia in the 
Cambrian period, and the deposition of land-derived material con¬ 
tinued intermittently during most of the Paleozoic era. Some lime¬ 
stones and dolomites were also deposited in the subsiding trough, 
in addition to the muds and sands. The thickness of the sediments 
varies from about 10,000 feet in some parts of the trough to almost 
40,000 feet in other parts; the average thickness is approximately 
30,000 feet. Towards the end of the Permian period, tremendous 
pressure was brought to bear upon the eastern side of the Appalach¬ 
ian trough, and the sediments were upheaved into a range of moun¬ 
tains that corresponds roughly with the modern Appalachians. The 
direction from which the pressure came is determined by observing 
that most of the folds are slightly overturned toward the west, and 
the most intense folding and faulting are along the eastern side of 
the mountain belt. This first generation of Appalachian Mountains 
probably rose to great heights, but like all old ranges they were event¬ 
ually reduced to a low, rolling plain. The modern Appalachians 
were formed at a later time. 

Life of the Permian Period . The widespread distribution of a 
distinctive group of plants called the Glossopteris-Gangmopteris flora 
in South America, Antarctica, South Africa, India, and Australia 
suggests that these regions were once connected by land bridges across 
which the plants were able to migrate. Rocks of Lower Permian age 
near Elmo, Kansas, have yielded the well-preserved remains of more 
than 10,000 insects. 

Amphibians were still numerous in those regions where permanent 
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Fig. 174. View of the Schooley peneplain from Lookout Mountain on 
Moccasin Bend of the Tennessee River. 


bodies of water existed. Reptiles were very abundant, and they began 
their long period of dominance at this time. The most important 
event in the evolution of life was the appearance of the mammal-like 
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reptiles in South Africa. These animals were transition forms be¬ 
tween the reptiles and the mammals. 

THE MESOZOIC ERA 

The Triassic Period. Broad continental uplifts had 
lifted the North American continent completely above the sea by the 
beginning of the Triassic. At no time during the period was North 
America invaded by an extensive epeiric sea. 

The Newark group. This interesting and important group of rocks 
is all of continental origin, and the materials accumulated in a num¬ 
ber of down-faulted troughs or grabens that extended in a broken 
series along the Atlantic coastal area from Nova Scotia to North 
Carolina. Lava occasionally flowed out over the floors of some of the 
grabens, and the sediments were intruded by a number of sills. Late 
in the Triassic period the rocks of the Newark scries were strongly 
broken up by block faulting, and upturned edges of the tilted 
blocks formed the crest of the Palisade Mountains. The modern 
Connecticut Valley in the states of Massachusetts and Connecticut 
occupies the former position of one of these fault troughs. 

Triassic of the Southwest. The Triassic rock in the southwestern 
part of the United States is notable for the presence of several vividly 
colored “painted deserts” and the famous petrified forest near Hol¬ 
brook, Arizona. Thousands of petrified logs, ranging up to 10 feet in 
diameter and 120 feet long, are found in the whole forest area. These 
trees grew originally along the stream courses and wherever plenty 
of moisture was available. Many of those that grew near the river fell 
into the water and were carried downstream and buried either in the 
beds of the rivers themselves or on the valley flats along the stream 
courses during flood times. The logs were gradually covered by the 
accumulating river sediment and were petrified after the burial was 
completed. 

Life of the Triassic Period. The invertebrate life of the seas was 
especially notable because of the presence of enormous numbers of 
highly specialized cephalopods called ammonites. The tightly coiled 
shglls of these animals varied in diameter from a few inches to almost 
six feet, many of them ornamented with spines and ridges. Their 
variously colored shells must have presented a beautiful sight in the 
Triassic seas. 

The reptiles were increasing in numbers, and some of them, such 
as the alligator-like phytosaurs, had become semi-aquatic in habit* 
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There were also true marine reptiles which represent some remark¬ 
able adaptations to life in the sea. Remains of ichthyosaurs 25 feet 
long have been found in California and Oregon. This group is dis¬ 
cussed later. Plesiosaurs were also in existence. Triassic rocks in the 
Connecticut Valley have preserved great numbers of dinosaur foot¬ 
prints that were once thought to have been made by birds. A few 
incomplete skeletons of these animals have been found, representing 
several varieties. Most of the dinosaurs were small, although some 
were about 15 feet long. The mammal-like reptiles show some ad¬ 
vance over the Permian forms and they are closer to the true mam¬ 
mals. 

The Jurassic Period. No rocks of the Jurassic period 
have been recognized in the eastern part of the United States, prob 
ably because, since that part of the country stood at a high elevation 
above the sea, erosion was going on rapidly, and the products of the 
erosion were carried eastward into the ocean. 

Ancient sand dunes. Some of the thickest and most extensive sand 
deposits that have ever accumulated were formed in southern Utah, 
north of the Grand Canyon region, during Jurassic time. The Win¬ 
gate sandstone makes the Vermilion Cliffs, and the spectacular and 
beautiful Zion Canyon has been carved out of the Navajo sandstone. 
The vertical cliffs in this magnificent canyon rise to heights, of a mile 
above the floor of the valley, and the colors are chiefly wljite and red. 
Rainbow Natural Bridge in southern Utah has also been formed 
from Jurassic sandstone. 

The Sundance Sea moved southward from northwestern Canada 
into the Rocky Mountain geosyncline and reached northern Arizona 
and New Mexico. It was unusually shallow, and the deposits vary 
radically from place to place. Some of the sediments are the reworked 
materials that had accumulated on the arid floor of the Rocky Moun¬ 
tain geosyncline before the sea invaded the area. 

The Morrison Formation. After the retreat of the Sundance Sea, a 
large area on the floor of the Rocky Mountain geosyncline, extending 
from Montana to New Mexico, was receiving the sediments of the 
famous continental Morrison formation. The region was well 
watered with numerous swamps, lakes, and rivers, in which the huge 
aquatic dinosaurs lived. Many other dinosaurs inhabited the Morri¬ 
son area, as.well as numbers of primitive mammals. 

The Nevadian disturbance came towards the close of the Jurassic 
period, when mountains were upheaved along the western side of 
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North America, probably from Alaska to Mexico. Volcanic activity 
was intense at times during this great orogeny, and towards the close 
of the period of mountain building great batholiths were intruded 
into the base of the Nevadian range. The celebrated gold-bearing 
quartz veins, now exposed in the modern Sierra Nevada Mountains, 
were formed at this time. 

Life of the Jurassic Period. The widespread distribution of a lux¬ 
uriant warm-climate flora in the far northern regions shows that the 



Fig. 175. Natural Bridge in San Juan County, southern Utah, 
formed in Permian sandstone. By A. /. Eardley. 
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Arctic had a much milder climate during the Jurassic period than it 
enjoys today. The palm-like trees known as cycads were especially 
common. They have been found in Jurassic rocks from Antarctica to 
Greenland and Alaska. The ginkgo tree was also widely distributed 
over the world. Today it is found chiefly in Japan and China. 

The Belemnites, an ancient type of squid, lived everywhere 



T 7 Fig-176*'The Great White Throne, composed of Jurassic sandstone, in Zion 
National Park, Utah. Courtesy Union Pacific Railroad . 
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throughout the Jurassic seas. A portion of the internal skeleton, 
shaped like a cigar, is the only part of the animal that is commonly 
preserved. These skeletal parts are found in vast numbers in some 
Jurassic formations. 

Jurassic dinosaurs. The Jurassic and Cretaceous periods witnessed 
the climax of reptilian dominance. Among all the various forms of 
reptiles the dinosaurs were particularly conspicuous. The largest of 
all the many different kinds were the great swamp-living types. Some 
of these, like Apatosaurus, Brontosaurus, and Diplodocus, were more 
than 80 feet long and weighed 30 or 40 tons. They were forced to 
spend most of their time in the water because their legs were rela¬ 
tively weak, and they were able to do very little walking on the land. 
Their heads were small, and their brains were about the size of an 
ordinary fist. The migratory habits of these animals are amazing when 
we consider their lack of walking ability. They moved in great herds 
from one place to another by wading and swimming down the rivers 
and along the coastal lagoons until they came to the mouth of another 
river that seemed to offer them food and shelter from carnivorous 
dinosaurs. Some of the swamp-living dinosaurs had the habit of swal¬ 
lowing stones and retaining them in a gizzard-like digestive apparatus 
where they were used in grinding up the plant food upon which the 
animals fed. 

Allosaurus was the largest of the Jurassic flesh-eating dinosaurs. 
These animals reached a length of over 30 feet and were equipped 
with long, sharp teeth, and powerful jaws. All the carnivorous dino¬ 
saurs walked on their powerful hind legs. 

Stegosaurus was one of the strangest of all the dinosaurs. These 
animals weighed as much as 10 tons and had extremely high, arched 
backs, with two rows of great bony plates running along the dorsal 
side of the animal from the head to the tail. The head was small, and 
the brain weighed about 3 ounces. 

Sea serpents. Two very remarkable groups of marine reptiles lived 
in the Jurassic seas. Ichthyosaurus resembled a shark, and the legs 
were modified into flippers like those of a modern porpoise. There 
was a fish-like fin on the back, and the tail was divided into an upper 
and a lower fluke. The animal was probably unable to come out of 
the water to lay its eggs on the land, and so it had developed the 
remarkable habit, for a reptile, of retaining the eggs inside the body 
until the young were ready to be born alive. The skeletons of unborn 
young ichthyosaurs have been found still inside the body of the 
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mother. The carbonized skin of several ichthyosaurs has been found 
outlining the body around the skeleton. 

The plesiosaurs had flattened, turtle-like bodies, with long, slender 
necks and tails. The legs were altered into great paddles with which 
they propelled themselves through the water. Plesiosaurs are known 
to have reached a length of over 40 feet, with the neck about 20 feet 
long. 

Reptiles in the air. Among all the thousands of different kinds of 
vertebrates that have lived during the long courses of geologic time, 
only three groups have developed the ability to fly. The mammals 
are represented only by the bats; the birds are descended from a rep¬ 
tile similar to some of the small carnivorous dinosaurs; but within the 
great reptilian group itself, only one member learned to fly. The 
oldest flying reptiles have been found in rocks of Upper Triassic age 
in Europe, but almost nothing is known about their ancestry. Al¬ 
though they were the rulers of the air for several million years, they 
became extinct at the end of the Cretaceous period. 

The smallest known flying reptiles were about the size of a spar¬ 
row, and the largest ones had a wing spread of more than 22 feet. The 
fourth finger was greatly lengthened in all the different forms, and a 
thin membrane of skin (the “wings”) stretched from this finger back 
to the body and the hind legs. The other three fingers were not elon¬ 
gated. They were fully functional, and the ends were furnished with 
claws that were used for climbing. The main long bones in the arms 
and legs had very thin walls and were hollow. This great 1 y,,j*educed 
the weight of the animal and made it easier for the reptil||ijo main¬ 
tain their bodies in the air for extended periods. Teeth tyere present 
in the jaws of the earliest forms, but the later Cretaceous varieties 
were toothless. Flying reptiles probably walked upojj all fours with 
the fourth finger .folded backwards, and the three short functional 
fingers resting upon theground. The largest ones had to take off from 
the edge of a cliff' or the top of a dead tree, while the smaller ones 
required a slighter elevation—or they might have leaped into the air 
as many birds do.* 

Thousands of fyroken bones of different kinds of flying reptiles 
have been found in certain localities, especially in Cretaceous rocks 
of England. The animals were apparently gregarious and lived in 
great-.flocks like some of die birds. 

‘ The birds or featured reptiles. The earliest known members of 
the bird family have'been found in the celebrated Jurassic lithogra- 
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phic stone of southern Germany. Two skeletons were discovered 
together with impressions of feathers on the wings and tails. The 
body was probably covered with soft contour feathers which are dif¬ 
ficult to preserve even as imprints. The reptilian teeth in the jaws, 
the long bony tail, and the functional fingers on the wings, each one 
tipped with a claw, reveal beyond a doubt that the immediate ances¬ 
tor of these J urassic birds was some form of small carnivorous reptile 
that walked on its hind legs. The feathers alone distinguish the 
Jurassic birds, Archaeopteryx and Archaeornis, from some of the 
small dinosaurs. 

The lithographic limestone of Bavaria, in southern Germany, has 
preserved a great many remarkable fossils of both invertebrates and 
vertebrates, in addition to the only known Jurassic birds. The fauna 
includes flying reptiles, showing impressions of the wing mem¬ 
branes, the marine reptile Ichthyosaurus with its carbonized skin, 
crocodiles, and turtles. The fine-grained mud, from which the rock 
was made, must have accumulated in quiet, shallow water, probably 
in lagoons along the shore of the Jurassic sea. This lithographic stone 
was once widely used in printing (it was actually the earliest form 



Fig. 177. Pteranodon, a flying reptile, found in the Cretaceous chalk of 
Kansas. By John Jesse Hayes. 
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of what is now known as offset printing). Subsequent technical de¬ 
velopments have provided substitutes for this limestone and now the 
rock is quarried chiefly for the valuable fossils that it contains. 
Mammals. Fossil remains of Mesozoic mammals are rare, and it is 



Fig. 178. Archaeorftis, a Jurassic bird from the lagoon of Solenhofen, 
Bavaria. By John Jesse Hayes. 
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difficult to explain this scarcity, because the living animals must have 
been abundant in certain places. The reptiles were so numerous 
during most of the Mesozoic era that the small mammals probably 
found the competition with them too keen in the warm lowlands. 
This situation must have caused the mammals to take refuge in the 
cool highlands where their enemies were less numerous. The higher 
lands, however, are not favorable places for the preservation of or¬ 
ganisms as fossils, because deposits are fewer and erosion more 
vigorous. 

The Cretaceous Period. The last great North Ameri¬ 
can epeiric sea invaded the continent in the Upper Cretaceous peri¬ 
od, when about half of the land was submerged during the various 
advances and retreats of the water. 

The old Land of Appalachia had for a long time been a barrier to 
any invasion of sea water from the Atlantic ocean to the east, but 
now the Cretaceous sea moved westward across Appalachia, and may 
even have covered a portion of the peneplained Appalachian Moun¬ 
tain area. The deposits left by this eastern invasion are included in 
the Potomac group of rocks, and they are found from New Jersey to 
Georgia. 

Cretaceous rocks are widely distributed over the western part of 
North America. They include the Dakota group, with its character¬ 
istic dark brown sandstone member, which is an important source of 
water in several parts of the Great Plains. This sandstone, and the 
softer under-lying rocks, are now standing at steep angles for many 
miles along the eastern front of the Rockies in Colorado and Wyo¬ 
ming, where they form long ridges called hogbacks. The Colorado 
group includes an argillaceous limestone-and-shale member called 
the Niobrara chalk, which is famous for its vertebrate fossils. 

Chalk is exposed for many miles along both sides of the English 
channel, and some of this great deposit is composed chiefly of the 
white calcareous shells of one-celled animals called Foraminifera. 
The weathering of extensive deposits of Cretaceous sandstone has 
furnished most of the sand found in the Sahara desert of North 
Africa. 

The Laramide Revolution reached its climax in the late Creta¬ 
ceous and produced a vast range of mountains that extended along 
the entire western interior portion of North America. Many of the 
great structural features that were formed during this revolution may 
still be seen. The Front Range in Wyoming and Colorado was orig- 
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inally a wide arch, until some parts, now mostly valleys and parks, 
were downwarped. The Big Horn Mountains in Wyoming and the 
Black Hills in South Dakota and Wyoming were formed as great 
dome-like elevations at the time of the Laramide revolution. East¬ 
ward movements along some of the great thrust planes continued 
into the early Tertiary period. 

There was intense igneous activity in the Laramide Ranges while 
the folding and faulting were going on, and it included the intrusion 
cf some batholiths. The vast copper deposits of the Butte, Montana, 
district are associated with one of these intrusive masses. 

The entire western side of South America, for a distance of 5,000 
miles, was upheaved into mountains at the same time as the Laramide 
revolution. 

Mineral deposits. Extensive fresh water swamps were formed over 
large areas of the Rocky Mountain and Great Plains regions in the 
Late Cretaceous, and great thicknesses of plant material accumulated 
in these swamps. This material was slowly converted into coal that 
varies in kind from lignite to anthracite. There are about 900,000,- 
000,000 tons of this coal still in reserve. Petroleum is produced from 
Cretaceous rocks in Texas, the Rocky Mountain states and Mexico. 
Besides the copper at Butte, Montana, Cretaceous rocks in the Rocky 
Mountain area also produce lead, zinc, gold, and silver. 

Life of the Cretaceous Period. Modern types of flowering plants 
must have been in existence during a part of the Jurassic period, but 
very little is known about them in that period. They appeared for the 
first time in great abundance during the Cretaceous period, in whose 
rocks most of the present-day types are represented by fossil forms. 
There were extensive forests composed of such familiar trees as the 
willow, oak, maple, walnut, birch, sassafras, magnolia, and sequoia. 
Shrubs, grasses, and cereals also made their appearance at this tirtie. 
The great spread of all these different kinds of modern plants in the 
Cretaceous period had a most important influence on the evolution 
of the browsing and grazing mammals that were so abundant in the 
Tertiary. It is probably true that without this readily available sup¬ 
ply of nourishing food the mammals would not have attained their 
position of world-wide importance. 

, Modern types of bony fishes originated in the Jurassic and became 
abundant in the Cretaceous, but reptiles were still the dominant 
vertebrates. Archelon was a giant marine turtle measuring 12 feet 
across the large front flippers. The mosasaurs were “sea serpents” 
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with long, slender bodies that reached a length of about 45 feet. 
Flying reptiles have been found in the Niobrara chalk of western 
Kansas. Pteranodon had a wing spread of 22 feet. These same rocks 
have given us the skeletons of a great aquatic bird called hesperornis . 
The wings were reduced to vestiges, there were teeth in the jaws, and 
some of these birds were six feet long. 

The greatest of all the flesh-eating dinosaurs, Tyrannosaurus rex , 
lived in the Cretaceous. The fine skeleton in the American Museum 
of Natural History is 45 feet long and almost 20 feet tall. This fright¬ 
ful creature was equipped with powerful claws and long teeth for 
rending and killing any animal that it encountered. It was truly the 
“king of the tyrant lizards." 

Triceratops was a four-footed herbivorous dinosaur that was far 
bulkier than an elephant. Some skulls have been found measuring 9 
feet long. The great horns, one over each eye, pointed forward and 
were useful weapons. There was a strange backward expansion of the 
skull over the neck which offered protection to the animal in its 
fights with tyrannosaurus. 

The duck-billed dinosaurs led semi-aquatic lives, wading and 
swimming in the rivers, lakes, and swamps. They walked on their 
hind legs and their short front legs were used for holding objects. 
Numerous skin impressions of these dinosaurs have been found. One 
remarkable specimen in the American Museum of Natural History 
has preserved an imprint of almost the entire body. 

Mammals were numerous, but their fossil remains are still scarce. 
Cretaceous marsupials, similar to the modern opossum, have been 
found in the Belly River beds of Canada. Small shrew-like insectiv- 
ores lived in Mongolia and North America. These animals were 
particularly important because some member of the group may have 
been the ancestor of the primates: The modern pen-tailed shrew is 
classed as a primate. 


THE CENOZOIC ERA 

The Tertiary Period. Some of the familiar features 
of the earth’s surface have been inherited from the distant past, but 
most of the present topography originated during the Tertiary peri¬ 
od and some of it within the last epoch of that period. 

Thick marine Tertiary sediments were deposited in the Pacific 
border area and along the Atlantic and Gulf Coastal plains. At the 
same time a great series of continental beds was deposited in the 
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western part of the United States. These non-marine sediments con¬ 
tain a fine record of Tertiary mammals that is probably unexcelled 
by the rocks of any other continent. 

The Great Plains are located along the eastern front of the Rocky 
Mountains and stretch eastward well into the Dakotas, Nebraska, 
and Kansas. This great area, now somewhat dissected, was veneered 
during the Tertiary by sediments brought from the Rocky Moun- 



Fig. 179. Big Badlands of South Dakota, showing deep erosion of non¬ 
marine Tertiary beds. By Af. V. Denny. 


tains and deposited by streams that flowed in a general easterly direc¬ 
tion. Vast herds of bison and other grazing, animals once lived on 
these plains, and, wherever water is obtainable, the soil is fertile. 

Many of the most beautiful and striking scenes in the United 
States have been eroded out of Tertiary deposits. The Badlands of 
South Dakota consist of clay and silt, with considerable volcanic ash 
and some cross-bedded sandstones, which were deposited in the chan¬ 
nels of streams. Bryce Canyon, in southern Utah, is one of the most 
brilliantly colored scenic places in the entire country. The rocks are 
of Tertiary age. 

' Tertiary volcanoes. A long period of volcanic activity began in the 
western part of North America about the time of the Laramide rev- 
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olution and has continued intermittently down to the present. 
Many of the loftiest and most beautiful mountains in the west are 
either extinct or dormant volcanoes. Some of these are Mount Shasta 




Fig. 180. Mt. Rainier, an extinct volcano, in southwestern Washington. Cour¬ 
tesy Washington State Progress Commission. 

in northern California, Mount Hood in northwestern Oregon, 
Mount St. Helens and Mount Rainier in southwestern Washington, 
and Mount Lassen, the famous California volcano that erupted with 
great violence in 1914 and 1915. It is very difficult to tell whether a 
volcano is dormant or extinct, some of those which have not erupted 
within very recent times may become active at any time. There are 
many recent volcanoes around the region of Flagstaff, Arizona, and 
some of them were active not more than a few hundred years ago. 
One of these volcanoes. Sunset Crater, hurled out so much ash during 
a recent eruption that the Indians who were living in the region had 
to leave the country for several years. Craters of the Moon National 
Monument, in southern Idaho, is a volcanic field so fresh that the 
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surfaces of the many lava flows show no appreciable weathering. The 
Columbia River Plateau covers about 200,000 square miles in the 
northwestern part of our country. This vast area has been formed by a 
long series of lava flows that poured out intermittently from long 
fractures in the earth’s crust. The flows vary in thickness from less 
than 10 to more than 200 feet, and the total thickness is more than a 
mile in many places. Most of the rocks in the Yellowstone National 
Park region are of volcanic origin, and hot, buried lava only a short 
distance below the surface is responsible for the hot springs and gey¬ 
sers. 

How the modern Appalachian Mountains were formed. As soon as 
the folds of the first generation of Appalachian Mountains began to 
rise near the end of the Permian period, the many forces of weather¬ 
ing and erosion attacked them with increasing vigor as the hills rose 
higher and higher. At first the mountains were elevated at a faster 
rate than they were being worn down, but finally when the moun¬ 
tain-making forces had exhausted themselves, erosion became domin¬ 
ant and by the middle of the Mesozoic era the original Appalachians 
had been largely reduced to a low, gently rolling peneplain. Here 
and there a few erosion remnants or monadnocks, such as the Great 
Smokies, rose above the general level surface of the plain. 

When the widespread Cretaceous sea invaded the continent of 
North America it probably covered a great portion of the original 
Appalachian Mountains area and deposited a comparatively thin 
veneer of sediments over the old peneplain surface. Then, towards 
the end of the Cretaceous period, the peneplain was lifted vertically 
into a long, narrow arch, and the rivers, which flowed in southeast¬ 
ward meandering courses into the Atlantic ocean, were rejuvenated 
and began to dissect the intermittently rising plain. All the agents of 
weathering and erosion became more vigorous in their activities. The 
softer rocks in the peneplain were eroded faster than the harder 
rocks, and finally the resistant formations, such as the Medina sand¬ 
stone, were left standing in high relief above the more easily eroded 
rocks, to form the present ridges and mountain peaks of the modern 
Appalachian Mountains. The rise of the peneplain was so slow that 
most of the rivers were able to maintain their original courses. They 
have cut the present water gaps through the ridges. Some of the 
smaller and weaker streams were turned aside and flowed along paral- 
' lei to the (emerging ridges, thus forming the present drainage pattern 
of the Appalachians. Some remnants of the original great peneplain 
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may still be seen at the tops of the ridges, which all rise to about the 
same level. The vertical uplift also carried the various monadnocks to 
higher elevations; some of the present peaks in the Great Smokies rise 
to heights of more than 6,000 feet above sea level. Erosion is still 
wearing away the Appalachian Mountains and eventually they will 
once more be peneplained. 

The story of the modern Rockies. When the original Laramide 
Mountains were upheaved, in the Late Cretaceous and Early Ter¬ 
tiary, many of the down-warped portions became broad valleys or 
park-like areas, which still persist. During the wearing down of the 
Laramide ranges, some of the sediment that was being eroded from 
the hills was carried down into the nearby valleys and deposited 
there. As the ridges and peaks were slowly reduced in height the de¬ 
posits in the valleys or basins became thicker, and finally some of the 
lower parts of the ranges were actually buried beneath sediments that 
were derived from the mountains themselves. Considerable portions 
of the Laramide mountains must have been reduced to a compara¬ 
tively low level, but some of the higher ranges always stood a few 
thousand feet above the surrounding country. Many of the great 
rivers in the Southern Rockies, such as the Big Horn, the Arkansas, 
and the Gunnison, had established portions of their courses across the 
sediment-filled basins and the buried parts of the ranges. Then broad 
vertical uplifts began in the old Laramide area, and the rivers were 
rejuvenated. Their increased velocity enabled them to cut down into 
the sedimentary covering, and when they encountered the buried 
parts of the ranges they were able to maintain their courses because 
the rise of the land was very gradual. As the vertical uplift continued 
intermittently, many of the rivers finally cut deep gorges or canyons 
which lead through the present ranges. Some of the valleys still have 
considerable thicknesses of the original sediments along the sides, but 
most of the sedimentary material has been carried away. The last of 
the series of vertical uplifts in the Rocky Mountains occurred during 
the late Pleistocene, only a comparatively short time ago, and the 
present Rockies are thus partly the result of the vertical uplift and 
dissection of older ranges of hills. The Royal Gorge of the Arkansas 
River, the Black Canyon of the Gunnison, and the Big Horn Canyon 
are only a few of the impressive scenic features that have been formed 
during this last stage in the history of the Rocky Mountains. 

The Basin Ranges in Nevada and the modern Sierra Nevada 
Mountains are great tilted earth blocks that have been dissected to 
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form the present hills. Mountain building in the Pacific border area 
is still in progress, as is shown by the recent folding and earthquakes 
in that region. 

Climate of the Cenozoic Era. The climatic conditions 
during at least the first half the the Tertiary period were so mild that 
tropical and sub-tropical conditions prevailed as far north as the 
boundary between the United States and Canada. The early Tertiary 
flora of Greenland indicates a climate similar to that of Virginia at 
the present time. Large crocodiles were able to live in Minnesota 
during the Eocene, and the plants found in Miocene volcanic ash at 
Florissant, Colorado, are similar to those growing in the Gulf 
states today. 

The Great Plains became semi-arid in the late Tertiary, when the 
Rocky Mountains were re-elevated and became a barrier to moist 
westerly winds. 

Cenozoic economic deposits. Great cylindrical masses 
of salt have been forced upward through Tertiary sediments of the 
Gulf Coast from some unknown depth below. The sediments near 



* 1" Fig* 181. East side of Garden Wall in Glacier Park, Montana. By permission 
Spence Air Photos. 
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the salt have yielded petroleum in several places. Petroleum is found 
also in Miocene and Pliocene rocks in California. Oil will be recov¬ 
ered some day from the carbonaceous Green River shales of north¬ 
western Colorado and nearby parts of Wyoming and Utah. The great 
Baku oil field of the U.S.S.R. is in Tertiary rocks, and formations of 
the same age are producing petroleum in the Dutch East Indies, Ru¬ 
mania, Venezuela, Iran, and Iraq. Tertiary coal is found in Montana, 
Wyoming, Washington, and Oregon. 

The Jurassic gold-bearing quartz veins in the Sierra Nevada 
Mountains of California were uncovered during Cenozoic time. Sub¬ 
sequent weathering separated the gold particles from the quartz and 
formed the celebrated placer gold deposits that caused the great gold 
rush to the Pacific coast in 1848 and 1849. Stream gravels in Califor¬ 
nia have produced more than 1,000,000,000 dollars’ worth of gold 
and they are still being worked in many places. 

The gold, silver, and copper ore deposits in some of the famous 
mining camps of the West are located in Tertiary rocks. Gold in the 
Cripple Creek district of Colorado is associated with Tertiary igneous 
rocks. The gold and silver in the famous Comstock Lode near Vir¬ 
ginia City, Nevada, were discovered in 1858. Ouray, Telluride, and 
Creede are mining towns located in the San Juan region of south¬ 
western Colorado. The copper ore at Bingham Canyon, Utah, is 
associated with late Mesozoic or early Cenozoic rocks. 

Continental glaciers of the Pleistocene. Continental 
glaciers have appeared at infrequent and irregular intervals during 
the course of geologic time. It is quite possible that geologists have 
not discovered the evidence for all the glacial ages of the past, but 
they do not seem to have been very numerous. The exact causes 
which bring about the spread of such vast sheets of ice are not well 
understood, but certain facts can be noted. According to one theory 
the continental glaciers of the Pleistocene in North America started 
as mountain glaciers in the highlands along the eastern side of Can¬ 
ada. The supply of snow was brought in by moist winds from the 
Pacific and the Gulf of Mexico region. Finally the mountains in Que¬ 
bec, Labrador, and Baffin Land were completely covered, but still 
the snow kept on falling and turning into ice. In places where the 
snowfall was exceptionally heavy, great ice domes were built up. One 
of these, called the Labrador Cap, was east of Hudson Bay, and the 
Keewatin Cap lay west of the Bay. At the time of its maximum 
extent, the ice is known to have spread westward almost to the foot- 
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hills of the Canadian Rockies, and south and southwestward to the 
Ohio and Missouri Rivers. Nearly all of Canada was buried under a 
sheet of ice that must have been two miles thick in places. 

The entire Pleistocene epoch was not subject to a glacial climate. 
Instead, the ice formed four times, and after each stage of glaciation 
there was a warm interval probably twice as long as the period of 
glaciation. The present may be the beginning of one of the warm 
intervals which will be followed, after several thousand years, by 
another advance of the ice, or perhaps the great Ice Age may be defi¬ 
nitely coming to a close. If the latter condition is true, all the ice in 
Greenland and on the Antarctic continent will eventually melt and 
the level of the oceans everywhere will be raised at least 100 feet. 
This rise will inundate large areas along the Atlantic and Gulf 
Coastal Plains unless those areas are uplifted in the meanwhile. 

Two main types of deposits resulted from the glaciation. Unstrati¬ 
fied and unassorted material was deposited directly by the ice when 
it began to melt. Most of these till deposits are found in the great 
moraines which mark stages in the retreat of the ice front. The pres¬ 
ent topography in southern Michigan is rough in those areas where 
the moraines were formed and relatively smooth elsewhere. Water 
from the melting ice carried great quantities of sand and gravel away 
from the glacier front and this sediment is roughly stratified. 

The Great Lakes. The present Great Lakes were formerly river 
valleys and basin-like depressions the slopes of which were modified 
by the ice as it moved to the south and west. These depressions were 
filled with water when they were finally uncovered after the reces¬ 
sion of the last, or Wisconsin, ice sheet. When the retreating ice 
front uncovered the northward-facing Niagara escarpment, Niagara 
Falls came into existence. The shape of the Great Lakes has not 
altered much since the final retreat of the ice, but the water level 
once stood more than 50 feet higher than it does now. These glacier- 
bom lakes are of enormous importance as waterways. 

The very rich wheatlarids in North Dakota, Minnesota, Manitoba, 
and Saskatchewan were once the bottom of Lake Agassiz, a large body 
of fresh water that covered about 110,000 square miles. Great Salt 
Lake, in Utah is a small remnant of an older fresh-water lake called 
Bonneville* that originally covered 20,000 square miles and had a 
maximum depth of 1,000 feet. 

The scouring and plow-like action of the glaciers removed the rich 



441 


The Geologic Story 

topsoil from certain areas in Canada and deposited it over wide 
stretches in the northern part of the United States. 

Such enormous sheets of ice rendered the glaciated regions them¬ 
selves uninhabitable, forcing many animals to migrate southward 
into warmer regions. The United States became a place of refuge foi 
animals that had formerly lived in Canada, and this crowding 
together of many types of life, that would not live together under 
normal conditions, was probably one of the causes of the wholesale 
extinction of numerous groups of mammals that had survived in 
North America until the Pleistocene. The climate in the northern 
part of the United States during the glacial stages must have been 
about like that of Greenland today, and the cooling effect of the gla¬ 
cier must have been felt for many miles south of the ice front. 

The Pleistocene is of particular significance because many impor¬ 
tant steps in the evolution of man occurred during this epoch. Sever¬ 
al different races of men came into Europe, and late in the Ice Age 
the modern type of man appeared. 

Life of the Cenozoic Era. Towards the end of the 
Mesozoic era, many great groups of reptiles became extinct, and, as 
the reptiles disappeared from their warm lowland haunts, the mam¬ 
mals appeared in ever increasing numbers until they became the 
rulers of the earth. The mammals, because of their ability to resist 
the cold, were able to live in many places that had not been acces¬ 
sible to the reptiles. These warm-blooded, active animals thus com¬ 
pleted the conquest of the land, which the lobe-finned fishes had 
started back in the Devonian period. The birds, another group of 
warm-blooded, feathered animals, reached their climax in size during 
the Cenozoic. Giant forms lived in the United States, South America, 
New Zealand, and Madagascar, and some of them became extinct 
only within recent times. 

The story of the horse. The known geologic history of the horse 
family began about 60,000,000 years ago with the appearance in the 
United States of the famous Eohippus or “Dawn Horse.” This little 
animal was less than a foot high, or about the size of a fox terrier. 
He had four functional toes on his front feet and three on his hind 
feet, and the nails were hoof-like. His teeth were small and the 
crowns low, indicating a diet of soft plant food. He probably browsed 
in the woodland areas, or in the bottom lands along the rivers where 
food was abundant. Many intermediate forms between Eohippus and 
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the modern Equus are known which reveal a gradual increase in size, 
a loss of the lateral digits, and an increase in length of teeth. Meso- 
hippus was about the size of a large dog, and was a three-toed animal, 
with the middle digit larger than the lateral ones. The first one-toed 
horse, Pliohippus, appeared in the Pliocene epoch, and there were 
many members of the genus Equus in the Pleistocene. Some were 
small animals, about as large as a modern pony, while others were 
larger than the biggest modern work horse. The wild horse is sup¬ 
posed to have become extinct in North and South America during 
the late Pleistocene, and the two continents were repopulated by the 
descendants of horses brought over by the Spanish Conquerors and 
later explorers. True wild horses are still found in Africa and certain 
parts of Asia. 

The story of the elephants and mastodons. The elephants and mas¬ 
todons are related forms that sprang from a common stock which had 
its origin in Northern Africa during Eocene time. The earliest 
known member of the race is Moeritherium , an animal about three 
feet high at the shoulder and without tusks or trunk. This form was 
probably semi-aquatic, and it lived in the region of the ancient Nile 
delta where plant food was easily obtained. The most important 
anatomical changes in the elephant group, from Moeritherium to the 
modem type, were a gradual increase in size, the appearance and 
development of the tusks and trunk, and a considerable inq$aa£ in 
the height of the skull without a proportionate increase in its length. 

The first mastodon to reach the United States came in the Mio¬ 
cene epoch by way of the Alaskan-Siberian land bridge. The climate 
in the far north must have been considerably warmer at that time 
than it is at present. The American mastodon, common all through 
the eastern part of the United States, was a fine, stocky animal that 
stood from seven to nine feet high. Most of its food was obtained by 
browsing in the forests and brush-covered lowlands. Mastodon bones 
have been found in very late Pleistocene and Recent swamps, with 
some of the organic matter still inside the bones and with pieces of 
cartilage still fastened to parts of the skeleton. It is uncertain whether 
these animals possessed the dense undercoat of woolly hair such a; 
the woolly mammoth had. The tufts of brown hair that have been 
reported associated with the skeletons of mastodons are probabl) 
strands of algae that greatly resemble hair. Some of the skeletons havi 
been found with quantities of undigested plant food between the 
ribs, in the former position of the stomach. The plants were from 
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spruce and hemlock trees. The last American mastodon must have 
disappeared within comparatively recent times. An unusually com¬ 
plete skeleton of one of these animals was discovered near Owosso, 
Michigan, and is now mounted in the University of Michigan 
Museum. 

Several types of mastodons and elephants lived in the United 
States during the latter part of the Tertiary period. The great Im¬ 
perial Mammoth lived in the warmer regions of the south and has 
been found from California to Texas and Mexico. Some members of 
this group reached a height of 14 feet. The Jeffersonian mammoth 
lived widely through the Mississippi Valley region, and the woolly 
mammoth ranged from Siberia and Alaska into the New England 
states. The extinction of the elephants and mastodons, together with 
that of many other mammals, has never been explained. 

The geologic history of man . About 60,000,000 years 
ago there appeared a remarkable group of mammals that was des¬ 
tined to dominate the entire earth more completely than it has ever 
been ruled before. This was the group called the primates . At first 
these animals were small, tree-living forms, with no great physical 
strength, and they gave little evidence at first of their coming im¬ 
portance in the world. Very soon, however, the primates began to 
develop those special powers that have culminated in the higher 
types of modern men. These powers were connected with an extraor¬ 
dinary development of the brain and the hands which have enabled 
man, the highest primate, to develop an amazing number of tools 
and scientific devices for special purposes. Man’s dominant position 
today is due largely to his mastery of tool making and tool using. 

The first primitive New World primates came to North and South 
America in the Early Tertiary, but some climatic change, soon after 
the Eocene epoch, caused them to retreat to Central America and 
the tropical parts of South America where many types of monkeys 
are found today. 

About the middle of the Tertiary period certain groups of pri¬ 
mates gradually abandoned their arboreal habitats and adapted 
themselves to a life on the ground, while within this group some 
very special primates started to walk on their hind legs and slowly 
assumed the upright posture. The first evidence of this upright¬ 
walking man-ape is found on the island of Java, where the remains 
of the celebrated pithecanthropus erectus have been discovered. A 
very good reconstruction of the skull of the Java specimen has been 
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made by putting together parts of several incomplete skulls. The 
characteristics include a low, sharply retreating forehead, heavy 
brow ridges, a receding chin, and a cranial capacity of about 900 
cubic centimeters. The modern types of thigh bones that have been 
found in the same layers of gravel with the skull fragments indicate 
that the people of the Java race had acquired the upright posture 
Pithecanthropus lived about 500,000 years ago. According to current 
knowledge the race originated on the mainland of Asia and migrated 
to Java while it was connected to the continent. 

Several skulls of a form closely related to pithecanthropus have 
been found in some caves near Peking, China. This race has been 
named sinanthropus pekingensis. 

The great Neanderthal race came into western Europe during the 
warm interval that preceded the last glacial stage and lived in caves 
all the way from the Mediterranean region to southern England. 
Their habit of burying the dead is responsible for a considerable 
number of well-preserved skulls and several fairly complete skele¬ 
tons. The Neanderthal men were seldom more than five feet four 
inches tall, while the average height of the women was about five 
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. Fig. 182. Pithecanthropus in a middle Pleistocene jungle of Java. Tapir and 
tiger remains have been found in the same region. By John Jesse Hayes. 
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feet. They had great power in their arms and shoulders, and the diffi¬ 
culties of their environment tended constantly to weed out the weak 
and unfit. Their thigh bones were strongly curved forward, which 
shape caused them to walk with their knees bent and a slightly stoop¬ 
ing body posture. Their arms were probably swung back and forth 
in front of the body instead of along the sides as in most modern 
races. They dressed in the skins of different animals and slept on 
piles of skins in the caves. Difficulties in lighting the caverns made 
it most convenient for them to occupy only the outermost parts of 
the caves, close enough to the entrance so that the smoke from their 
fires could escape. 

Neanderthal man lived entirely by hunting, and his best weapons 
were wooden, flint-tipped spears, and slings which were used to pro¬ 
pel small, rounded stones. He also had hand axes or hatchets which 
could be used when he encountered an animal at close quarters. 
Pitfalls and traps were probably employed in catching such large 
animals as wild cattle, horses, reindeer, bison, and even elephants. 
He was constantly on his guard against the giant cave bear, espe¬ 
cially in the fall when these animals were seeking caves in which 
they might hibernate. The final fate of the Neanderthal race is not 
known. Its members may have fallen in battle with the more modern 
types of people who came into Europe late in the Pleistocene, or 
they may have been driven from their caves and villages into inhos¬ 
pitable places farther to the north and northeast where they finally 
perished. The question of racial mixture between the Neanderthal 
people and their more modern successors cannot be demonstrated, 
although there is the possibility that it did occur occasionally. 

The Cro-Magnon or modern type of people began to filter into 
Europe toward the close of the Pleistocene, after the glacier had 
retreated to the Scandinavian highlands. The climate was.still cold, 
and many of the old caves were used as shelters, but villages sprang 
up in many places that became, more and more, centers of perma¬ 
nent habitation. The houses or huts probably had a framework of 
saplings or slender branches with a covering of skins or thatch. There 
were many different tribes within the Cro-Magnon race, and the 
individuals varied just as people do today. Some skeletons are those 
of persons who were more than six feet tall, while others are only of 
average height. All the tribes lived by hunting, and animals of many 
kinds were usually abundant. Wild horses, cattle, reindeer, and bi¬ 
son furnished a great deal of their food. Around one of thfcir village 
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sites in France there were found the bones of nearly 100,000 horses 
piled up in long rows and great heaps. 

Their hunting weapons included the spear, the bow and arrow, 
and the spear thrower, all implements that are still in use among 
primitive people. The necessity for securing food kept the men on 
the hunt nearly every day, but with the approach of winter they 
probably staged a grand hunt in which every ablebodied person co¬ 
operated. These seasonal hunts were preceded by great ceremonies 
which were held in some of the innermost recesses of the caves. Pic¬ 
tures of the animals that they hoped to kill were painted or carved 
on the walls of the caverns, and magic ceremonies were performed 
in the presence of the chief of the tribe, the hunters, and the medi¬ 
cine men. Hundreds of these paintings and carvings are still found 
in the caves of southern France and northern Spain and, while most 
of them are very crude, some show considerable artistic ability. 



Fig. 183. Bison painted in black on the walls of the Font-De-Gaume cavern 
in southwestern France. 


. .The Men of the Old Stone Age continued into the New Stone 
Age without any important physical changes in the people them¬ 
selves, but rather in their methods of living. The art of making pot¬ 
tery was discovered, and, with the development of agriculture and 
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the domestication of animals, man no longer found it necessary to 
spend so much of his time in the pursuit of game. The population 
increased, neighboring tribes joined to form nations, and man’s 
problems became even more complex with the constant clash of 
national interests. 

The Eskimos and Indians came to North America from Siberia, 
but the time of their arrival is not known. Indian spear-points and 
arrow-heads have been found with the bones of extinct elephants 
and bison, but it is still impossible to determine just when these 
animals were killed. The Eskimos still use many of the same types 
of weapons and implements that the Old Stone Age men used, and 
their living conditions are very primitive. Some tribes of American 
Indians are now extinct, while others are increasing in numbers. 

Man’s future is apparently in his own hands, because he is the first 
animal that has been able to control and modify its environment to 
a great extent. He has done so by means of a vast number of mechan¬ 
ical devices that have made him almost independent of the climate 
and have enabled him to produce food and other necessities beyond 
his actual needs. However, man the product of millions of years of 
evolution, is still an animal. His predatory instincts are still as strong 
as ever, and therein seems to lie the greatest danger to the human 
race. Man has discovered many of the deepest secrets of nature, and 
he is on the verge of unlocking the door that leads to the ultimate 
construction of matter itself and the mystery of living material or 
protoplasm, and yet he has not learned how to control himself and 
live with other members of the human race. Unless man learns how 
to produce better human beings, as he has learned how to produce 
better horses and cattle, he will become as extinct as the dinosaurs. 
Biological laws are inexorable. 




PART FIVE 


Practical Applications 


Geology is not only a cultural science, 
but also a very practical one . Applied 
geology is referred to as economic 
geology. Branches of this science, the 
names of which are self-explanatory, 
are mining geology, petroleum geol¬ 
ogy, and engineering geology . 

The subsequent chapters emphasize 
the role played by the economic geol¬ 
ogist in the search for mineral depos¬ 
its and in solving various problems 
encountered in engineering projects . 
The reading of the two chapters 
which follow will not make one an 
economic geologist, but it may give 
some insight into the methods used 
by members of the profession, and 
an appreciation of the practical value 
of the science . 




CHAPTER 17 


The Search for Mineral Deposits 


The methods followed in searching 
for new mineral deposits vary with the type of deposit sought. For 
example, the procedure in hunting for new oil pools is far different 
from that used in looking for goldbearing veins. The methods fol¬ 
lowed in prospecting for sedimentary deposits, however, are practi¬ 
cally the same whether the material sought is coal, gypsum, or any 
other stratified rock. 

The origins of the various types of mineral deposits are described 
in pertinent chapters in Part Two. A classification of such deposits 
is given below. The figures in parenthesis refer to the chapters in 
which the genesis of the deposits is discussed. Because mineral de¬ 
posits are earth materials just as much as rocks, they are subject to 
the same general classification. 

CLASSIFICATION OF MINERAL DEPOSITS 

Igneous (10) 

Magmatic deposits 
Pegmatites 
Hydrothermal veins 
Hot spring and fumarolc deposits 
Sedimentary (9) 

Organic deposits 
Inorganic sediments 
Precipitated compounds 
Metamorphic (Regional) (11) 

Secondary 

Deposits formed through weathering processes (3) 

Deposits formed by ground waters (4) 

The subdivision “Organic deposits,” under the Sedimentary 
group, includes derivatives of organic sediments, such as oil and gas, 
in addition to coal and other deposits of direct organic origin. 
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Placer deposits may be formed through the activity of running 
water, shore line processes, and even the wind; consequently they 
are described in the chapters in Part Two that deal with those 
phenomena. 

Secondary deposits consist either of minerals formed from pre¬ 
existing materials through processes at work at or near the earth’s 
surface, or of minerals concentrated through the removal (leaching) 
of associated valueless material. The original source of all matter 
in the earth’s crust is the magma; therefore, strictly speaking, all 
mineral deposits except those falling in the igneous class are second¬ 
ary. However, in this classification, deposits which are formed 
through deposition of sediment or regional metamorphism are classi¬ 
fied separately. 

This classification does not include one mineral resource, ground 
water, which is of great importance to mankind. The occurrence of 
ground water, and methods of prospecting for it, are given in Chap¬ 
ter 4. 

Mineral deposits, in addition to being classified by origin, can be 
classified also according to type of material. Major groups by this 
arrangement are (1) metals, commonly referred to as ore deposits, 
(2) non-metals, and (3) mineral fuels, which include mainly coal, 
oil, and gas. 

Various methods employed in prospecting for widely differing 
types of deposits, including ore bodies, coal (and other bedded 
rocks), oil, and mineral bodies in metamorphic rocks, are given in 
the following sections. Oil has separate treatment, for, although it 
occurs in sedimentary rocks, a specialized technique must be fol¬ 
lowed in prospecting. 

PROSPECTING FOR ORE BODIES 

The search for new mineral deposits can be divided into two 
branches. One is the discovery of new districts, and the other the 
discovery of new ore bodies or enlargements of previously known 
ore bodies in already established mining districts. The latter branch 
of economic geology is called mining geology. Up to the present 
time, the use of geologic method has been more effective in mining 
geology than in the search for new districts. 

Surface prospecting methods. In the past, prospecting 
has been a matter of keen observation of rock exposures by individ¬ 
uals largely untrained in the science of geology, coupled with a fair 
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share of luck. That luck was an important element in the discovery 
of the great bonanzas of the last century is amply attested by the 
stories and folklore of the mining camps of the western United 
States. Regarding one of the discoveries that made Leadville, Colo¬ 
rado, a famous mining district in the latter half of the 19th century, 
T. A. Rickard, able chronicler of American mining history, says: 

The most important was the consequence of pure accident. Two 
prospectors were grubstaked, or provided with tools and food, by a 
man named Tabor, who had a store and was the local postmaster. 
He was to have the half of anything that the two prospectors, Rische 
and Hook, might find. Among their provisions was a jug of whis¬ 
key, which proved so inviting that they decided to drink it before 
they had gone more than a mile from the camp. When they had done 
so, they concluded that the spot at which they had halted, on Fryer 
Hill, was as good a place as any other for sinking a shaft. At a depth 
of 30 feet they struck the rich orebody of the Little Pittsburg mine, 
this being the one point of all others on the hill where the ore lay 
nearest the surface. 1 

This method of discovery, although singularly successful for Rische 
and Hook, is not recommended. 

New mining districts are still being discovered by prospectors, but 
because most of the ore bodies readily recognizable at the surface 
have already been discovered, the rate is very much less than what 
it was a few decades ago. At the same time, geological methods have 
developed to the point where they can be used in the discovery of 
new districts also, but they may never be as successful as the old- 
Mme prospector, because they came into the field after so many great 
ore deposits had been discovered. 

The most useful tool of the geologist engaged in searching for 
new areas of mineralization is the geologic map. Such a map shows 
by colors or patterns, or both, all of the different types and ages of 
rocks which reach the surface. It also shows the relationship existing 
between these different rock types, and the structure of the rock 
formation. In the present-day exploration of new regions, such as 
Newfoundland and northern Canada, the first step has been the 
preparation of a geologic map, and as a result the search for new 
mineral deposits has been notably successful in these areas. 

Placer prospecting . Minerals such as gold and dia¬ 
monds, which are both more resistant to decay and heavier than the 

1 Rickard, T. A. A History of American Mining , p. 130. New York: McGraw-Hill 
Book Company, 1932. 
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common rock-forming minerals, after being released from their 
source rocks by weathering, become concentrated in placer deposits 
in stream beds, especially where an abrupt decrease in gradient takes 
place. Prospecting for placer deposits continues to be largely a mat¬ 
ter of hard work, excavating through the stream alluvium and pan¬ 
ning the sands and gravels lying just above the bedrock surface. 
However, geological knowledge enables one to seek out the drainage 
basins most favorable to the presence of alluvial gold, or diamonds, 
or whatever is being sought. Geological maps, if available, should 
be studied and the river systems that drain only sedimentary rock 
areas rejected from further consideration. The search should be con¬ 
fined to streams that drain districts in which intrusive igneous rocks 
are known to exist. Furthermore, cognizance should be taken of the 
varieties of igneous rocks exposed. If placer diamonds are sought, 
the chances for success are many times greater if volcanic necks occur 
within the drainage basin, for volcanic necks have been the source 
of most diamonds. (However, diamond-containing volcanic necks 
are relatively scarce; most of these rock bodies are barren.) Platinum 
placer deposits are confined to drainage basins in which basic igne¬ 
ous rocks are exposed. Even gold is more prone to occur where cer¬ 
tain types of intrusive igneous rocks are found. 

Lode prospecting. For ore deposits that contain 
minerals liable to be concentrated in stream placers, the placers 
themselves aid in discovering the vein. Miners have discovered gold- 
bearing lodes by working upstream and panning the stream gravels 
at fairly close intervals until the grains of gold in the pan reach 
maximum coarseness and the gravel farther upstream proves to be 
barren. Then the procedure is to prospect up the sides of the valley, 
panning the soil until it likewise becomes barren. Excavation at this 
point should uncover the “mother lode.” 

Obviously the same rules of rock association apply to lode depos¬ 
its as to placer deposits. Some metals, such as gold, tin, and nickel, 
have the habit of occurring only in certain types of rocks. For ex¬ 
ample, to prospect intelligently for nickel ore, one would first find 
areas in which certain dark-colored basic intrusives occur and then 
make a detailed search in those particular areas. Here the geologic 
map becomes of great importance, for the geologist with such maps 
available can determine in advance exactly where the sought-for as¬ 
sociated rock is found and confine his field search to those areas. 

In addition to the type of rock, the environment also is of great 
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practical importance. For example, some deposits are naturally con¬ 
fined to zones where an igneous intrusion borders rock receptive to 
the passage of mineral-bearing solutions escaping from the magma 
at the time of the intrusion. Some rocks, such as limestone, are more 
susceptible than others to mineralization along contacts. If the geo¬ 
logic map shows an igneous intrusion in contact with limestone, the 
contact zone is a good place to search for ore deposits. 

By no means all ore deposits are confined to igneous rocks. In 
many places the ore-bearing solutions have penetrated sufficiently 
far out from the source magma that they have entered sedimentary 
rocks. Here again the susceptibility to the passage of solutions and 
the precipitation of minerals varies widely. In some districts a lime¬ 
stone or sandstone of a certain age carries the greater part of the ore; 
the scientific prospector diligently searches for this particular forma¬ 
tion in other areas. 

Even where a mineral deposit does not contain minerals that re¬ 
sist the forces of decay and therefore occur in placer deposits, the 
minerals may have other properties which aid in their discovery. 
For example, pyrite (iron-sulphide), which is an abundant gangue 
mineral in hydrothermal veins, oxidizes to a yellowish-brown hy- 
dious iron oxide known as limonite. This mineral so impregnates 
the vein at the outcrop that it may be possible to recognize it from 
distant points, and even in air photographs. The limonite capping 
of a vein is called gossan, or “blossom/' Under favorable conditions 
minerals other than pyrite also produce a characteristic blossom at 
the outcrop. Copper minerals are transformed to the readily recog¬ 
nized green copper carbonate if carbon dioxide is available. Lead, 
zinc, and other metals likewise have characteristic, but in most cases 
less brilliantly colored, oxidization products. However, in a great 
many instances percolating water has leached away all the metalli¬ 
ferous minerals in the outcrop zone except limonite. Knowing this, 
prospectors have sunk shafts into countless limonite gossans in the 
hope of finding valuable minerals below the oxidized section of the 
vein. Unfortunately, many veins consist only of pyrite, quartz, and 
other valueless minerals, so that a great amount of time and money 
has been wasted in futile exploration. An investigation was con¬ 
ducted by geologists a few years ago for the purpose of determining 
if criteria could be found in gossans which would be indicative of 
the preoxidization presence or absence of ore minerals. The investi¬ 
gation was successful, and a set of criteria was developed by means 
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of which a minute examination of the material composing a gossan 
enables a geologist to predict the nature of the minerals occurring 
in the unoxidized vein below the gossan. 

Another guide to ore is based upon knowledge of mineral associa¬ 
tions. Many veins consist solely of gangue minerals. Such veins have 
been opened by optimistic miners who hoped that they would en¬ 
counter pay ore. The study of mineral associations has determined 
that some gangue minerals are most likely to be associated with ore 
minerals, while other gangue minerals are practically never found 
with minerals of value. 






Fig. 184. Placer gold miner with his 
gold pan. Within pan is his entire 
season’s harvest—about $1500 worth 
of gold nuggets and “dust.” Cotton¬ 
wood Creek, Alaska. By Alex Liska. 

The ore-bearing solutions, in their travels ^tward from the 
source, are controlled by the structure of the rock. If the channel- 
ways originally lay in a permeable, sedimentary rock formation, then 
the ore-bearing solutions were confined to that rock and the ore will 
be concentrated where structural conditions, such as an upfold or 
anticline, caused a damming of the flow so that precipitation took 
place. The channelway may also have been a fault; in fact many great 
ore deposits occupy faults, so {hat they can be traced by geologic 
mapping of die fault itself. In other cases, where the ore-depositing 
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solutions followed joint cracks, a study of the fracture system of the 
rocks aids in ore discovery. 

Prospecting instruments. The most famous of all 
prospecting instruments is the miner’s pan (Fig. 184). The prospec¬ 
tor shovels stream gravel, or loose rock detritus, into the pan and 
then adds water. The pan is tilted and agitated so that the heavier 
mineral grains, such as magnetite (“black sand”) and gold work 
toward the bottom, and the quartz and other lighter constituents 
work to the top and spill out over the lip. Quickly with skillful pan¬ 
ning, only the very heaviest mineral grains (in the case of gold the 
gold “dust”) remain in the pan to give a clue as to the value of the 
deposit. 

The great deposits of residual iron ore in the western Great Lakes 
district have been thoroughly prospected by another method. Be¬ 
cause of the slight relief and a cover of soil, glacial drift, swamp, and 
vegetation, these deposits are very poorly exposed. However, certain 
iron oxides will attract a compass needle or other magnet. By utiliz¬ 
ing this property, geologists have discovered and mapped the outlines 
of deposits of magnetic iron-ore both in the Great Lakes district and 
in other parts of the world. The dip needle compass, the needle of 
which swings through a vertical arc, has been extensively employed 
for this work, as well as the usual type of compass. The position taken 
by the compass needle, whether swinging in a horizontal or vertical 
plane, in regions underlain by iron ore, is always the resultant of the 
attraction of the hidden ore body and the magnetic field of the 
earth. A more delicate instrument for measuring the magnetic prop¬ 
erties of rocks is the magnetometer, a device that has been used not 
only for discovering rocks of high magnetic intensity, but also buried 
iron pipes and explosive mines. One development of World War II 
was the air borne magnetometer, by means of which the airplane 
became an effective discoverer of lurking submarines. It is expected 
that the airborne magnetometer will also have a peaceful role in the 
discovery of hitherto unknown deposits of valuable minerals. 

Some progress has been made in recent years in the use of elec¬ 
trical instruments to determine the possible presence of buried ore 
deposits. This method is based on the lower electrical resistivity of 
sulphide ore minerals and of water-saturated zones of hydrothermal 
alteration. It is becoming an increasingly important method of pros¬ 
pecting. 

Some ore minerals possess certain properties that can be detected 
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by special instruments. For example, scheelite, a valuable ore of 
tungsten, is fluorescent, so the modern method of scheelite prospect¬ 
ing is with a portable ultra-violet lamp. When used in the dark, the 
ultra-violet rays produce a distinctive glow from grains of scheelite 
buried in the rock. In a similar manner, a portable Geiger counter 
has been devised to inform the prospector when he is in the vicinity 
of radioactive ore minerals. 

Mining geology. The usual miner’s rule to “follow 
the ore wherever it goes,” although valuable, is not sufficient in 
modern practice. The “pay” ore may dwindle and even disappear 
during the following of a vein. However, the profit-paying minerals 
may reappear elsewhere in the vein where local geological condi¬ 
tions were more favorable to their deposition. Following the old 
rule, the miner might cease operating and perhaps miss an oppor¬ 
tunity to find more ore, or he might continue to extend his mine 
workings without return, acting merely upon hope. “Dead work” 
(tunnels and shafts excavated in barren rock) is extremely expensive 
and should be paid for out of past or future profits. The application 
of geology to the mining of ore deposits not only has led to the dis¬ 
covery of additional deposits, but also has lessened to a considerable 
extent the amount of “dead work” done. 

The use of geology data and research by the mining industry in 
the United States began with the publication, in the 1880’s and 
1890’s, of a series of monographs on such mining districts as Leadville 
in Colorado and Comstock in Nevada written by able geologists on 
the staff of the U. S. Geological Survey. These publications were of 
great help to the mine operators in solving their problems and in 
searching for new ore bodies. The first mining company geological 
staff was formed at Butte, Montana, in 1900. Now most of the larger 
companies throughout the world have such staffs. 

The duties of company geologists are many. One of the most 
important is the preparation of geologic maps. These include both 
maps of the formations that outcrop at the surface and maps made 
from observations and core drilling in the mine workings under¬ 
ground. The surface and underground maps in combination give a 
three dimensional picture of the geology. Rock formations and dis¬ 
tinctive types of hydrothermal alteration are mapped wherever ex¬ 
posed, and the position of the rocks between exposures is interpo¬ 
lated. The mere recognition of some of these formations may be 
difficult, requiring not only a trained geologist, but also the use ol 
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a microscope. Maps made by the geological staff of a mining com¬ 
pany include, in addition to geological formations and boundaries, 
the structural geology, such as the attitude of the rocks at all points, 
faults, and fractures, the position and thickness of veins, and the 
zones where the wall rocks are altered or brecciated. The staff may 
also map the surface topography, especially if the relief is great, be¬ 
cause of the possible relationship between some of the features ob¬ 
served underground and the topography and drainage at the surface. 

Predictions can be made from these maps as to the presence or 
absence of ore in places not yet penetrated by the mine workings. 
Some of the results which have been obtained through the making 
and utilization of geological maps and from allied information ac¬ 
quired by geological staffs are mentioned briefly in the following 
paragraphs. 

(1) Maps give evidence as to the kind of channelways used by the 
ore-depositing solutions. This informal ion is important, assisting not 
only in following the known veins, but also in the search for hitherto 
undiscovered veins. 

(2) The structural and chemical conditions that caused the ore 
minerals to be deposited may become evident through study of the 
maps. Other places may be found where a similar environment 
existed. 

(3) Detailed geological maps of ore deposits make possible rec¬ 
ognition of any relationship that may exist between the location of 
the ore bodies and the structure of the containing rocks. For exam¬ 
ple, the ore minerals have been deposited in fractures, and the 
structure map shows the fracture pattern or trends through the 
country rock. Two different sets of parallel vertical fractures are 
present in many mining districts. In some localities the veins occupy 
one set only, and in other places both sets of fractures have been loci 
of ore deposition. In the latter case the fracture intersections become 
extremely important because there the veins will be largest and per¬ 
haps richest. The extension of the directions of fracture into as yet 
unprospected parts of the country rock may suggest other places 
where ore bodies are likely to occur. 

Ore deposition took place in some districts in cracks created by 
earlier fault movements. Detailed geological mapping may result in 
the discovery of other pre-ore faults which likewise may be ore- 
bearing. Where the country rock is stratified and folded, the ore 
minerals, just as oil and gas, tend to concentrate in anticlines. Struc¬ 
tural mapping determines both the location and magnitude of 
these folds. 

(4) Geologic mapping brings about recognition of the effect of 
brail rock on ore deposition. If the map shows that the vein thickens 
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or its value increases where it passes through a particular type o£ 
rock, the map may also show places not yet reached by mine oper¬ 
ations where this same or similar rock is intersected by the vein. Also 
some veins have a tendency to branch out along bedding planes in 
the wall rock, and the geological maps may show other places where 
such conditions are likely to occur. 

(5) Certain types of rock alteration or the presence of brecciated 
zones in the rock may signify that ore is nearby. Mapping these fea¬ 
tures may lead to the discovery of hitherto unsuspected ore bodies. 

(6) A detailed study makes possible the determination of the 
geological history of a region, especially the relative age of the vein 
in respect both to the rocks and to periods of diastrophism. As a 
result, the formations that are younger than the veins can be recog¬ 
nized. Naturally, prospecting in these formations would be futile. 
Post-ore deformation, especially faulting, will, of course, change the 
position of a vein. By means of a detailed geologic map, both the 
direction and magnitude of movement can be determined, and the 
geologist will be able to advise the mine operator as to the shortest 
route to the displaced section of the vein. 

(7) The geological map also shows the depth of the zone of 
enrichment. If the mine is operating entirely upon enriched ore, the 
geological staff by means of microscopic studies of ore specimens may 
be able to forecast the character of the underlying primary ore body. 

(8) By means of assay records entered upon the map, the ]Per¬ 
sistence of the valuable minerals with depth can be estimated. If 
there is a steady decrease in value, it is possible to compute at ap¬ 
proximately what level the increased mining costs and decreased 
returns will strike a balance forcing the mine to cease operating. 

The geologist is of considerable practical value to his company 
because of his ability to identify minerals, both in the hand speci¬ 
men and under the microscope. Several cases are on record of failuie, 
before the days of mining geologists, to recognize valuable minerals 
in ore deposits. The silver-bearing lead carbonate ores of Lead' 
ville and the gold tellurides at Cripple Creek were at first unrecog¬ 
nized and discarded. Changes in mineral content and texture from 
one part of a vein to another are noted through microscopic examina¬ 
tion of polished surfaces of ore specimens. These changes may be of 
utmost importance as criteria of the character of the vein beyond 
the present limits of mining operations. 

The engineering staff likewise benefits from the geologic maps. 
Openings may exist in certain rock zones that would cause drainage 
of large quantities of surface water into the mine, with consequent 
increased pumping costs. These permeable zones will be shown on 
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the geologic maps, and forewarning may permit avoidance during 
mine development work. In addition, the maps may show the pres¬ 
ence of zones of crushed rock in which tunneling would be both 
difficult and expensive. 

The explorations of ore bodies by diamond drills should be done 
under the supervision of the geological staff, who will first determine 
the location and direction of the drill holes and then study and re¬ 
port on the cylindrical cores obtained during the drilling operation. 

The core drill is a very useful tool of both the geologist and the 
engineer. It is so named because it produces a solid cylindrical 
“core” of the rock penetrated. From the core, information can be 
obtained concerning not only the composition of the rock, but also 
its texture and structural relationships. The diameter of the core 
(and of the drill hole) depends upon the equipment used. Sizes 
range from less than an inch to three feet. Drilling holes with a dia¬ 
meter of five feet is a relatively new development; its advantage 
lies in the opportunity given to lower a man bodily down the hole 
where he can observe even more regarding the rock than is possible 
with the core. 

The sampling of the ore preparatory to assaying is in charge of 
the geological staff in some companies. Geologists may be called upon 
to estimate the reserves of ore in a mine and to make appraisals. 
Boundary suits based on the “apex” law, which states that the loca¬ 
tor of a vein possesses title to the vein from its high point, or apex, 
down the dip as far as it goes, has led to a great deal of litigation in 
which geologists testify as expert witnesses. 

PROSPECTING FOR MINERAL DEPOSITS IN MET AMORPHIC ROCKS 

The search for mineral deposits characteristically occurring in 
metamorphic rocks demands first a hunt for the particular type of 
rock in whch the desired minerals are most likely to occur. For ex¬ 
ample, one type of asbestos is found only in serpentine, a green 
metamorphic rock, the origin of which was described in Chapter 11. 
Serpentine asbestos is mined in the province of Quebec, and else¬ 
where. A nickel-bearing mineral, known as garnierite, occurs in ser- 
petine in New Caledonia. In this case the rock from which the 
serpentine was derived was a nickel-bearing igneous rock. The 
minerals magnesite, talc, and soapstone are found in magnesium- 
rich metamorphic rocks. Deposits occur in California, Virginia, and 
elsewhere where this particular type of metamorphic rock exists. 
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The sillimanite group of minerals used in making refractory 
porcelain for spark plugs and laboratory ware occurs in metamor- 
phic rocks which are unusually rich in aluminum. Such rocks occur 
in the Inyo Mountains of California, in the southern Appalachians, 
and in several foreign localities. Graphite occurs in metamorphic 
rocks where the original rock was a carbonaceous sediment. Extreme 
metamorphism changed the organic material into flakes of graphite. 
Garnet, which is used mainly as an abrasive, occurs in commercial 
quantities only in schists. 

The general localities where these various metamorphic rocks are 
abundant are already known. The prospector looking for a particular 
mineral confines his search to belts of favorable rocks. This procedure 
was followed with marked success in the case of the sillimanite min¬ 
erals. About thirty years ago, laboratory investigations discovered 
that these minerals could be converted into a spark-plug porcelain far 
more durable than any in use at that time. However, no commercial 
deposits of the sillimanite minerals were available. But it was known 
that the Inyo Mountains of California contain large masses of alum¬ 
inum-rich metamorphic rocks. These were prospected with great 
care, and after months of search large deposits were discovered 
which are now being exploited. 

PROSPECTING FOR COAL AND OTHER BEDDED ROCKS 

Coal is a sedimentary rock occurring in beds which lie parallel to 
the overlying and underlying strata (Figs. Ill and 134). However, 
beds of coal may not be as consistent in thickness as the other sedi¬ 
mentary rocks in the section, perhaps thinning down in places so as 
to be not workable, or even disappearing entirely. The original 
swamp in which the coal was deposited, although possibly covering 
hundreds of square miles, nevertheless had very definite boundaries, 
and coal would not be expected beyond the swamp borders. 

Coal may be folded into anticlines and synclines, and it may be 
faulted. Except in the arid southwest where steep slopes barren of 
vegetation occur, coal does hot ordinarily outcrop because it is rela¬ 
tively soft and slumps readily, so that it becomes covered with soil 
and loose rock and further obscured by vegetation. Many coal beds 
have been discovered through the digging of water wells, basements, 
and road and railroad cuts. 

Geologists can determine the stratigraphic position of a coal bed 
and then pick 1 up the bed in places perhaps many miles away, where 
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its presence had not heretofore been suspected. The first step is to see 
where the coal lies with respect to sedimentary formations, above and 
below, which are well exposed and can be recognized at the outcrop. 
To do this the geologist measures the vertical section of the rocks in a 
district, including whatever coal beds may be present. The next step 
is to map the surface geology and obtain elevations of outcropping 
formations at various points. With these data, a structural map can 
be drawn which will show the regional dip, anticlines, synclines, and 
faults. By using the outcrop and structural maps in conjunction, a 
geologist can detect almost at a glance the areas that are underlain by 
coal and the areas from which the coal has been removed by erosion. 
Furthermore, with the aid of a topographic map, which gives the ele¬ 
vation of the surface, it is possible to determine the depth to coal at 
any point. Places where the coal would outcrop were it not for a thin 
soil cover become apparent in this way, and test pits are dug at the 
geologist's direction so that coal samples may be obtained and the 
thickness of the seam measured. If the coal is too deep to allow dig¬ 
ging of test pits, the best procedure is to core-drill the rocks at regular 
intervals, in order that the coal may be sampled and the thickness of 
the seam noted. 

The samples obtained at the test pits or by core-drilling are an¬ 
alyzed to make sure that the coal continues to be of commercial 
grade. Then, from the accumulated data, the geologist prepares a 
map which shows the thickness, quality, and depth of the coal at all 
points. Such a map is of invaluable aid to the operator, for it gives 
him the tonnage and availability of his coal, as well as information 
with which exploitation can be directed. 

Coal-bearing rocks that are faulted may cause trouble in mining 
because the seam is likely to end suddenly, leaving the miner at a loss 
whether to go up, down, right, left, or straight ahead in order to re¬ 
gain the seam. The geologist, through studies at the surface and in 
the mine, should be able to tell the operator the direction and magni¬ 
tude of the movement, so that the coal across the fault can be picked 
up again with a minimum of time, labor, and expense. 

The same general routine followed in prospecting for coal is used 
in the search for all other bedded deposits. Examples of non-metallic 
mineral deposits which occur in sedimentary beds are limestone, clay, 
rock phosphate, salt, and gypsum. In addition, a few metalliferous de¬ 
posits have a similar environment. Some iron ores, including the 
Clinton (Silurian) hematite deposits of the Appalachian province, 
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are of sedimentary origin and occur in beds, as do sandstone, shale, 
and coal. Other metallic deposits are not in themselves sedimentary 
in origin, but are confined to certain layers in bedded rocks. For ex¬ 
ample, some of the native copper mined on the Michigan Peninsula 
was deposited in conglomerates, the ore-bearing solutions using the 
pores between the grains and pebbles as channelways. The great gold 
deposits of the Rand district in South Africa likewise occur in a bed 
of conglomerate, but geologists are in disagreement as to whether 
this gold was originally in the gravel as a beach placer or whether the 
gold was introduced subsequently as was the copper of the Lake Sup¬ 
erior district. However, regardless of origin, both the copper and the 
gold occur in sedimentary beds, and consequently, the ore bodies con¬ 
form to the rock structure. 

THE SCIENCE OF OIL-FINDING 

Formerly entirely a matter of chance, the search for oil and gas in 
more recent years has become a science. Chance has not been com¬ 
pletely eliminated, and probably never will be, for many wells favor¬ 
ably located from a geological standpoint prove to be failures. How¬ 
ever, the use of scientific method has brought about the discovery of 
hundreds of new pools in the last few years, while those who drill 
without benefit of geological information discover a smaller propor¬ 
tion of the new pools each year. In fairness to the “unscientific 
method,” however, it must be stated that the discovery of the great 
East Texas field was not due to recommendation by geologists, but 
was a magnificent piece of luck. 

Today all of the larger oil companies have geologic staffs. The 
petroleum geologist has made his profession indispensable to the oil 
industry. Recognition of the value of geology in the search for min¬ 
eral wealth is greater in the case of oil and gas than in that of any 
other mineral resource. 

Methods in the Search for petroleum can be classified into two 
types: surface and subsurface. In the former case, the geologist draws 
all the conclusions possible from observations made in the field while 
traversing an area. Subsurface geology involves study of the buried 
rocks by meahs either of well logs, cores, and cuttings obtained from 
wells drilled in an area, or of records made by geophysical instru¬ 
ments (to be described later) which, though set up on the surface, 
obtain a record of the rocks at depth. 
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For many years the emphasis in petroleum exploration was on sur¬ 
face geology. Now, however, so much of the surface where the rocks 
are exposed and are favorable to the occurrence of oil has been 
studied and mapped that most areas undergoing investigation are 
those in which surface methods are impossible and subsurface meth¬ 
ods must be employed. 

The geologist assigned to surface study of the oil possibilities of a 
region covers his area with great care. He travels by whatever means 
the country affords, using automobile, horse, and boat where possible. 
Much of the area is covered on foot; in some cases the entire work 
must be done in this way. Valuable geological information can be 
obtained in some regions by photographs taken from an airplane. 

One of the things looked for by the field geologist is any surface 
indication of oil or gas. Oil may seep to the surface, forming a spring, 
or, as is more often the case, it is brought to the surface by water on 
which it makes a readily identifiable film. Oil at the surface tends to 
thicken into asphalt due to the escape of its more volatile constit¬ 
uents. Gas seeping to the surface may either emerge from the rock 
with a hissing sound or it may bubble up through mud, creating what 
is known as a mud volcano. Oil and gas seeps, however, are not neces¬ 
sary to the presence of oil at depth. In fact, seeps are unknown in the 
neighborhood of most of the great oil and gas fields of the Mid-Con¬ 
tinent region. The mere presence of a seep is indication that the 
hydrocarbons have opportunity to escape, a condition which does not 
make for accumulation in great quantity. But where the strata are 
very much contorted and faulted, the reservoir rock that is cut by a 
fissure at one point which permits the escape of oil may, a very short 
distance away, be folded into a perfect trap from which there has 
been no escape. This is the condition in California and in many of 
the foreign fields where oil seeps and asphalt lakes are fairly common. 
In the Mid-Continent, the strata as a usual rule have a very gentle dip 
and the oil and gas occur in structural traps which lie many miles 
from the point where the reservoir rocks crop out and where the few 
seeps found in that region occur. 

In addition to looking for possible surface indications, the petro¬ 
leum geologist while traversing an area records the following perti¬ 
nent observations: 

(1) The presence or absence of sedimentary rock. Oil accumu¬ 
lates in commercial amounts only in sedimentary rocks (with in- 
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significant exceptions), so that those parts of an area that are under¬ 
lain by igneous and metamorphic rocks can be ruled out as pos¬ 
sible oil territory. 

(2) The presence of possible source rocks. These are carbona¬ 
ceous rocks or organic limestones which were deposited in marine 
waters fairly close to shore. Where possible source rocks are absent, 
the chances for oil are less. 

(3) The presence of possible reservoir rocks. If the rocks within 
drillable depths do not contain pervious beds there will be no place 
in which oil can be stored. The age of potential reservoir rocks is 
also important, because if they are the same age as formations which 
contain commercial quantities of oil elsewhere, they give greater 
promise than if they were non-productive in other fields. 

(4) Whether possible reservoir rocks are overlain by impervious 
strata (cap rocks); otherwise oil and gas will have had opportu¬ 
nity to escape. 

(5) Whether the thickness of the sedimentary series is adequate 
to make exploration justifiable. In some areas the pre-Cambrian 
“basement” rocks are covered by but a few hundred feet of sedi¬ 
ment. It would obviously be a mistake to recommend testing such a 
thin section of strata. 

(6) If the rocks are severely folded, whether they have been so 
squeezed and heated during diastrophism that any oil originally 
present has been destroyed. By analytical methods in the laboratory, 
the degree of metamorphism of coal or any other carbonaceous rock 
in a district can be determined, and from this figure it is possible to 
make a fairly definite conclusion as to whether petroleum, which is 
a relatively vulnerable substance, can have survived. 

(7) The sedimentary rock section should be examined and meas¬ 
ured in detail in order that (a) irregularities including angular 
unconformities and variations in thickness of different units may be 
noted, (b) the presence may be discovered of soluble rocks that 
might be dissolved in some places so that the overlying rocks have 
slumped, and (c) the geologist may be able to map the outcrop¬ 
ping formations. 

Finally, by means of instruments, the field geologist maps the struc¬ 
ture, or inclination, of the sedimentary rocks. The structure map 
shows the location of the synclines, anticlines and faults. These data, 
in conjunction with the measurements of the stratigraphic section, 
make possible the determination of the depths to possible reservoir 
rocks in any part of tfye area. The field maps also yield information as 
to the size of the area supplying the oil which has migrated up-dip 
until caught in an anticline or other trap. The larger the “gathering” 
area, the greater will be the amount of oil stored in a pool, provided 
that other factors are equal. Faults, if present, are mapped in detail 
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and observations taken as to whether such faulting may have had any 
possible effect on the retention or escape of oil or gas. 

With all these data available the geologist is in a position either to 
condemn an area as lacking oil and gas possibilities or to recommend 
that it be tested. In the latter case he gives the location of the most 
favorable place in the district and recommends that the first test be 
drilled there. Economic factors, of course, also enter into the picture. 
The cost of drilling and the availability of market must be taken into 
account, as well as geological conditions. 

Great evolution has taken place in the last few years in subsurface 
methods of petroleum geology. When a well is drilled for oil, gas, or 
water, the driller makes a log of the different formations and their 
depths as they are passed through by the drill. He may also take and 
save the core of the hole if his drilling equipment is of the type that 
makes this possible, or he may save the rock fragments or cuttings 
produced by the drill. Needless to say, the records of deep wells, 
whether or not the wells are successful in their quest, are of great 
value. The structure of a deeply buried formation may be mapped 
over a wide area by means of these records. Subsurface structure maps 
have been made of most oil fields and of many areas thus far non¬ 
productive. 

The discovery of the greatest of all oil fields, in eastern Texas in 
1930, focused attention on the so-called “stratigraphic trap.” There, 
Cretaceous sandstone of wide distribution pinches out on the side of 
a large structural dome, the highest point of which is in northwestern 
Louisiana. Oil moving up the dip of this highly permeable sandstone 
from a basin in northeastern Texas has been effectively trapped by 
its pinching out. In other fields oil has been trapped by the up-dip 
disappearance of permeability, or by damming where an inclined 
permeable layer is covered by an impervious layer at an uncon¬ 
formity. None of these oil traps can be discovered by surface observa¬ 
tion, but evidence of their existence can be obtained from subsurface 
records. This method of exploration for new oil pools will in all 
probability be even more effective in the future than it is at present. 

Where the bed rock is obscured by deposits of sand, gravel, glacial 
drift, and other types of mantle rock, oil companies may map the 
structure of the buried formations by using a core drill. This drill is 
set up at definite intervals, and a hole is drilled down to some recog¬ 
nizable bed-rock formation. By measurement of the depth of the 
formation and determination of the surface elevation at the drill-site, 
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the elevation of the buried formations can be obtained at every point 
drilled. Then the construction of a contour map showing the struc¬ 
ture of the buried rocks is a simple task. 

Geophysical instruments are so named because they apply certain 
laws of physics in a study of the earth’s crust. The three most com¬ 
mon geophysical devices used in petroleum exploration are the gravi¬ 
meter, seismograph, and magnetometer. These machines are based 
upon different physical laws and consequently have no resemblance 
to each other. The gravimeter depends upon differences in the pull 
of gravity at different places. For many centuries physicists have real¬ 
ized that a plumb bob or a pendulum is deflected from the vertical 
when set up close to mountainous regions. This deflection is due to 
the fact that the great mass of the mountains exercises gravitative 
attraction upon the plumb bob or pendulum. Similarly, where rocks 
of abnormal specific gravity (density) occur beneath the surface, their 
presence can be determined by gravity instruments. 

The seismograph is an earthquake-recording machine. Elastic 
waves caused by an earthquake travel through the rocks and reach 
seismographs set up on the surface at different times, the length of 
time depending upon the distance traveled and the elasticity of the 
rocks encountered. In petroleum exploration, an artificial “earth¬ 
quake” is produced by exploding dynamite at the surface, and records 
of the shock are obtained by several conveniently located seismo¬ 
graphs. The waves produced by the explosion travel down toward the 
center of the earth, but formation boundaries, where rocks of quite 
different character, such as shale and limestone, make contact, reflect 
some of the waves back to the surface. By means of seismograms (the 
-records obtained by seismographs), it is possible to calculate the dis¬ 
tances downward to the different reflecting surfaces so that the struc¬ 
ture of the buried rocks can be mapped. The seismograph has been 
successfully used in discovering such buried features as salt plugs, 
mountain ranges, and anticlines. 

The accompanying cross-section illustration (Fig. 185) shows how 
an anticline can be discovered and its outlines mapped by means of 
the reflection seismograph. Many oil popls have been discovered in 
recent years by this procedure. Th^explosion set off near the 
shooting truck creates an artificial earthquake. Some of the waves 
from this quake are reflected back to the surface by the tops of the 
relatively hard limestones. These waves make records upon their 
arrival at the various receivers which are connected with the re- 
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cording truck. The seismogram recorded at each station shows the 
time of the explosion, and the time of the arrival of the reflected 
waves. Obviously if the time interval between the explosion and 
the arrival of the reflected waves is shorter at station A than at 
station B the buried formation rises between B and A. As a mat¬ 
ter of fact, by applying earthquake-wave velocity formulae, it is 
possible to calculate the depth of the reflecting rock at every point 
lying between the explosion point and each seismograph station. 
By determining surface elevations with surveying instruments, the 
elevations of the points on the buried rock formation can be cal¬ 
culated. By systematically covering an area with explosion points 
and seismograph stations, it is possible to obtain sufficient subsur¬ 
face elevation data to permit the construction of a structure con - 



Fig. 185. The seismic method of prospecting for structures favorable to the 
accumulation of oil or gas. To the left of the “shooting truck” an artificial 
earthquake has been created by detonating a charge of explosives set in the 
bottom of the “shot hole”. Some of the waves created by the shock are reflected 
upward by the more rigid rock layers. From the time which it takes a wave to 
travel from explosion to reflecting stratum to recorder, the depth to the bed 
rock stratum can be determined for each recorder point. From these data and 
surface elevations the bedrock elevations can be obtained and the presence or 
absence of anticlines or other structural rock “traps” determined. Seismograms 
shown at upper right. Courtesy Seismograph Service . 
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"tour map. The latter will show the configuration of the buried 
rock formation in the same way that contours are used to show 
the configuration or topography at the earth’s surface. Where such 
maps prove the' existence of domes or anticlines, these are tested for 
oil by a drilled well.' • 

A less used method is the refraction method of prospecting with a 
seismograph. In this case the interpreter uses the record of waves 
which have been refracted (bent) upon entering the formation being 
mapped, and which return to the' surface at a considerably greater 
•distance from the shot pointthan do the waves which are reflected off 
the upper boundary of the buried formation. 

Magnetometers measure variations in the magnetic attraction of 
buried rocks. Theoretically the rise and fall of a layer of magnetic 
’'rock, such as a sandstone containing abundant magnetite, would pro¬ 
duce varying magnetic intensities at the surface. However, magneto¬ 
meter records are not as easy to interpret geologically as are those of 
the seismograph and gravimeter. Therefore this instrument, although 
much cheaper to operate, has not had the success of the other two. 

Considerable experimentation has been carried on in recent years 
with electrical instruments. Some have been useful in discovering 
certain types of ore deposits and in finding shallow bodies of ground 
water, but so far they have not proven consistently successful in map¬ 
ping the structure of deeply buried rocks. 

Many fields of the Gulf Coast and Mid-Continent regions have 
been discovered during the last five years by the use of geophysi¬ 
cal instruments. In fact, more salt domes have been discovered by the 
seismograph and gravimeter than were known to exist before the 
advent of geophysical instruments. Up to the present time, no device 
has been invented that will determine the actual presence or absence 
c tl oil. All of the accepted instruments now in use are confined in 
their scope to the discovery of rock structures favorable to the accu¬ 
mulation of oil. Many devices have been put forward as capable of 
detecting oil, but none as yet has proved to be successful. The nearest 
approach has been a method known as soil analysis. This method is 
based on tjhe assumptions (1) that no rock is completely impervious, 
ap the. lightest hydrocarbons have been able to escape from an oil 
deposit to the surface, and (2) that as these hydrocarbons passed 
through the soil 'at the surface traces adhered which can be deter- 
mined by tnicrochemical analysis. Although this method has not lived 
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up to early expectations as yet, it is still possible that greater refine* 
ynent of analytical procedures may make its use feasible. 

Instruments which their inventors claim will detect buried oil 
pools are known as 4 ‘doodle-bugs** by men in the petroleum industry. 
The “doodle-bug” is the modern descendant of the divining rod used 
throughout historic time by persons with alleged mystical powers 
for locating minerals, water, and buried treasure, and for detecting 
criminals. 1 
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"tour map. The latter will show the configuration of the buried 
rock formation in the same way that contours are used to show 
the configuration or topography at the earth’s surface. Where such 
maps prove the existence of domes or anticlines, .these are tested for 
oil 'by a-drilled well. ’ 

A less used method is the refraction method of prospecting with a 
seismograph. In this £ase the interpreter uses the record of waves 
which have been refracted (bent) upon entering the formation being 
mapped, and which return to the’ surface at a considerably greater 
-distance from the shot point than do the waves which are reflected off 
the upper boundary of the buried formation. 

.Rlagpetometers measure variations in the magnetic attraction of 
buried rocks. Theoretically the rise and fall of a layer of magnetic 
■'rock, such as a sandstone-containing abundant magnetite, would pro¬ 
duce varying magnetic intensities at the surface. However, magneto¬ 
meter records are not as easy to interpret geologically as are those of 
the seismograph and gravimeter. Therefore this instrument, although 
much cheaper to operate, has not had the success of the other two. 

Considerable experimentation has been carried on in recent years 
with electrical instruments. Some have been useful in discovering 
certain types of ore deposits and in finding shallow bodies of ground 
water, but so far they have not proven consistently successful in map¬ 
ping the structure of deeply buried rocks. 

Many fields of the Gulf Coast and Mid-Continent regions have 
been discovered during the last five years by the use of geophysi¬ 
cal instruments. In fact, more salt domes have been discovered by the 
seismograph and gravimeter than were known to exist before the 
advent of geophysical instruments. Up to the present time, no device 
has been invented that will determine the actual presence or absence 
o® oil. All of the accepted instruments now in use are confined in 
their scope to the discovery of rock structures favorable to the accu¬ 
mulation of oil. Many devices have been put forward as capable of 
detecting oil, but none as yet has proved to be successful. The nearest 
approach has been a method known as soil analysis. This method is 
based on die assumptions (1) that no rock is completely impervious, 
so the lightest, hydrocarbons have been able to escape from an oil 
deposit to the surface, and (2) that as these hydrocarbons passed 
fo yoiigh the soil'at the surface traces adhered which can be deter- 
mined by hjicrochemical analysis. Although this method has not lived 
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up to early expectations as yet, it is still possible that greater refine¬ 
ment of analytical procedures may make its use feasible. 

Instruments which their inventors claim will detect buried oil 
pools are known as “doodle-bugs” by men in the petroleum industry. 
The “doodle-bug” is the modern descendant of the divining rod used 
throughout historic time by persons with alleged mystical powers 
for locating minerals, water, and buried treasure, and for detecting 
criminals. 1 
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Geology in Engineering Projects 


Some of the methods used in the at- 
tempt to control destructive geologic forces, such as those causing 
soil erosion and disastrous floods, were described in various chapters 
in Part Two. The methods employed to combat these forces are 
essentially those of the engineer. This chapter describes how the 
methods and knowledge of the geologist are utilized to solve some of 
the problems encountered in engineering construction. One function 
of the geologist is the locating of adequate supplies of needed rock 
materials. Another direction of activity is created by the ability of the 
geologist to appraise the suitability of a site for reservoir, dam, 
bridge, tunnel, or other engineering structure. 

The last few years have seen great expansion in large-scale engi¬ 
neering construction. This growth has been accompanied by a growth 
in the profession of engineering geology, which covers the application 
of geology to engineering problems. As a result, both money and lives 
have been saved. Engineering history is marked by failures of dams 
and other structures; in most cases these catastrophes were due not to 
erroneous calculation of strength and design of structures, but to 
failure of the rock in the foundation, the inherent weaknesses of 
which were not appreciated because no adequate investigation had 
been made by an engineering geologist. It is, of course, absurd to 
place a mass-of reinforced concrete of much more than adequate 
strength upon a natural rock foundation too weak to hold it; yet this 
has been done many times in the past. 

Materials surveys. Many engineering projects require 
natural materials, such as stone and sand, which are obtained locally. 
The dqty of. a geologist employed on such projects is to locate 
deposits of the needed materials as near-by as possible, so as to avoid 
unnecessary transportation costs. The geologist must also make cer- 
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tain that all rock materials used are of proper quality, adding testing 
techniques of his own, such as microscopic investigation, to those 
already employed by the engineering staff. 

Materials surveys are needed where highways are being surfaced, 
where the banks of streams are being protected by riprap, and where 
dams, aqueducts, breakwaters, jetties, and other large structures are 
being erected (Fig. 186). 

Riprap is the material used to prevent lateral erosion of river 
banks, especially on the outside of meanders. If stone is used for this 
purpose, not only must the geologist find adequate supplies as close 
as possible to the project, but he must also ascertain that the stone 
used is insoluble, resistant to abrasion by running water, and resist¬ 
ant to decomposition through atmospheric attack during low-water 
stages. The joints and other planes of easy fracture must be spaced far 



Fig. 186. Aqueduct—the All American Canal in sand dune area near Yuma, 
Arizona. By permission Spence Air Photos . 
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enough apart so that blocks too large to be moved by river currents, 
even in times of flood, can be obtained. Likewise, the stone used in 
the construction of breakwaters and jetties must be of a type which 
will withstand the various agents of destruction to which it will be 
exposed. 

A large market for rock material is in concrete aggregate, used in 
the construction of buildings and various engineering structures, and 
for road surfacing. An essential constituent of concrete aggregate is 
sand, which may be found in the beds and flood plains of modem 
streams, or in terrace deposits which are flood plains of ancient 
streams. Other favorable localities for sand are delta deposits which 
were formed in temporary lakes that fringed the great continental 
glaciers of the past, dune areas (although in many cases dune sand is 
too fine for use in concrete aggregate), and ocean and lake beaches. 
An equally essential constituent of concrete is the coarse aggregate, 
which may be either gravel or crushed stone. The search for gravel 
covers the same ground as the search for sand, except that windblown 
sediment is rarely, if ever, sufficiently coarse to be classified as gravel. 
If crushed stone is used, the rock must meet rigid specifications as to 
hardness and durability. Organic material, clays (which swell on con¬ 
tact with water), and rock liable to disintegration because of cleavage, 
porosity, or other property must be avoided. Locally obtained vol¬ 
canic ash, or pulverized volcanic tuff, has been added to the ingredi¬ 
ents in making concrete in some construction projects, notably the 
Los Angeles aqueduct. 

Rock materials are used also in the construction of asphaltic roads. 
In one type of road, liquid asphalt is obtained either from petroleum 
refineries, where it is a byproduct, or imported from a large natural 
asphalt deposit such as the one on the island of Trinidad in the Brit¬ 
ish West Indies. This liquid asphalt is mixed with locally obtained 
sand and poured on the road being surfaced. A second type of asphalt 
road is made from a natural mixture of rock and asphalt occurring 
where petroleum seeping to the surface has impregnated the rock and 
soil and has become asphaltic due to the escape of the more volatile 
hydrocarbons. In this case the impregnated rock is crushed and rolled 
onto the highway surface. It is the cheaper method of asphalt road 
construction in regions where natural deposits can be found. 

Many secondary roads are surfaced with neither concrete nor 
asphalt, but are covered with a veneer of loose material which in time 
packs into a fairly hard surface. Materials which may be used in this 
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way include sand, gravel, and crushed rock. If rock is used, it must 
meet certain specifications for durability, and also it must so occur 
that it can be economically quarried. In a few places, notably along 
the Front Range of the Rocky Mountains, granite has decomposed 
into a loose granular aggregate that can be scooped up and used to 
surface roads, making an excellent secondary road surface. 

Reinforced concrete has largely displaced dimension stone in the 
building of engineering structures. Where stone is desired for facing, 
it is necessary to find quarry sites in sandstone, limestone, or massive 
rock. 

The availability of abundant supplies of water is a necessity in all 
large projects. Where a camp is built to house the workers, water of 
good quality must be secured to take care of human needs. If surface 
water of satisfactory quality is not available, a geological investiga¬ 
tion of the ground water resources must be made. 

Dam sites. 1 Building a dam involves more than 
merely pouring a lot of concrete or heaping up a pile of dirt. First the 
ability of the valley above the proposed dam site to retain water must 
be investigated, as is discussed in the next section. Next, the ability 
of the rock beneath and abutting the proposed dam to withstand the 
weight of the dam and at the same time prevent the passage of water 
must be determined. A large masonry dam has enormous weight. The 
water impounded above a dam likewise has great weight, which 
presses against both the dam and the underlying rock. The water 
near the bottom of a reservoir is under enormous pressure, which 
forces it into the smallest of openings. As a matter of fact, no rock or 
concrete is entirely impervious to water under great pressure, and 
some leakage beneath, around and through a dam is inevitable. How¬ 
ever, the leaking water must be prevented from attaining any appre¬ 
ciable velocity or it will scour larger openings, and breaching of the 
dam will follow. 

Physical tests of the foundation rock, including determination of 
permeability and crushing strength, are not sufficient. Water under 
enormous pressure forced through the pores of a rock over a period of 
years may produce physical effects and chemical reactions that cannot 

1 During the preparation of this and the following section a series of papers in a 
symposium on “Geology and Engineering for Dams and Reservoirs/* published by the 
American Institute of Mining and Metallurgical Engineers, in Tech . Paper No. 215 , 
1929, was freely drawn upon. The authors of these papers include C. P. Berkey, Kirk 
Bryan, O. E. Meinzer, Charles Terzaghi, G. H. Matthes, L. W. Fisher and R. D. 
Ohrenschall, C. K. Wentworth, L. C. Glenn, and H. T. Stearns. 
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be forecast by laboratory testing. The abutting rock has to withstand 
radically changed geological conditions also. Not only is water forced 
into it under pressure, but also the water table may be raised to 
heights not reached heretofore, and this changed condition may 
materially alter the character of the rock. 

A geologist called in to investigate and report upon a proposed 
dam site has three subjects to cover: the overburden, the foundation 
and abutment rock, and the reservoir (which will be discussed in a 
separate section). The study of the overburden (and of the bedrock) 
is usually aided by core drilling at many points across a valley. These 
drill holes determine the depth to bed rock, make possible the secur¬ 
ing of samples of both overburden and bed rock, and enable the 
geologist to observe the character of the overburden before rendering 
a decision on the necessity for excavation. 

For shallow testing, pits may be dug or holes driven by hand into 
the ground until rock is encountered. In the latter operation 
either a soil auger is rotated through the dirt, or a steel bar is driven 
downward. 

It is the custom in younger valleys to remove the overburden com¬ 
pletely and foot the dam on bed rock. Through physiographic stud¬ 
ies, the geologist may be able to make fairly close estimates of the 
depth and character of the overburden without recourse to drilling. 
However, this method is hazardous, for in some instances the bed¬ 
rock floor of a valley is further incised by an older channel, which 
increases both the volume of alluvium that must be removed and the 
size of the dam itself. In one case on record, a buried channel lay 
between two test borings only 50 feet apart, and its presence was not 
realized until the overburden had been removed down to the rock 
floor of the main valley % On large projects, such as Hoover Dam 
(Figs. 187 and 188), the valley floor is contoured by topographic sur¬ 
veys, and the underlying bed-rock floor is contoured by means of 
diamond-drill holes so that complete information as to the thickness 
and volume of the overburden is available before operations com¬ 
mence. 

In the older and wider alluvial valleys, since it is impossible or 
impractical to excavate to bed rock, the dam is footed on alluvium. 
This calls for quite a different procedure, which will be described in 
a subsequent paragraph where permeable foundation rocks are dis¬ 
cussed. 

Not only must the foundation rock be able to bear the weight of 



Fig. 187. Hoover Dam (formerly called Boulder Dam), upstream side. By 
permission Spence Air Photos. 




Fig. 188. Hoover Dam, downstream side. By permission Spence Air Photos . 
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the dam, but it must also resist the tendency of the dam to overturn 
due to the pressure of the impounded water. The competency of the 
rock to withstand these vertical and torsional forces must be judged. 
“A foundation may fail mechanically by being unable to withstand 
the thrust force, or tendency to slide or shear, exerted upon it by the 
pressure of the water behind the dam. If this pressure overcomes the 
frictional resistance offered by the foundation material, the dam will 
slide downstream. The slipping or shearing rarely occurs between 
the dam and the foundation, but is almost always a movement within 
the material of the foundation itself.” 2 

However, more dam failures result from the escape of water 
through the rock beneath a dam than through sliding and shearing. 
Some seepage is to be expected, because even rocks that are otherwise 
fairly impervious contain fractures through which water can move. 
If the rock is composed of none but very insoluble minerals, these 
crevices do not enlarge and may even, in time, become smaller 
through gradual filling with silt carried by the seeping water. Cases 
are on record of silting up of rocks to such an extent that seepage 
noticeably decreased. However, if any soluble minerals are present, 
either in the rock or in the cement binding the grains together, seep¬ 
age water widens the openings and the volume of escaping water 
steadily increases. Jf steps are not taken to remedy this condition, the 
seepage water will before long attain sufficient velocity to scour 
channelways, and disaster may follow. 

Soluble rocks, inherently weak rocks, and permeable rocks give 
trouble when used for dam foundations. The soluble rocks include 
mainly limestone, dolomite, and gypsum. In such rocks not only do 
joints and fissures enlarge by solution, but the rocks may also be 
extremely cavernous initially. Impure limestones, however, are not 
as readily soluble and have been used successfully for dam footings in 
some instances. Sandstones and conglomerates in which the grains 
are held together by soluble cement, such as calcite or gypsum, tend 
to lose their cement and crumble when water under pressure is forced 
into the rock, no matter how impervious the rock may have been ini¬ 
tially. The failure of the St. Francis dam in California was due to 
this condition. 

The weak rocks include several different types. Shales and clays 
are variable in their reaction. Many soften when impregnated with 


* Glenn, L. C., op. eit., p. 104. 
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water and become dangerously slippery. Fault gouge, finely crushed 
rock powder lying between the two walls of a fault, may act in simi¬ 
lar fashion. Some basalts are so highly vesicular that they afford as 
many channelways for the movement of water as does a highly cavern¬ 
ous limestone. In addition, the polygonal vertical joints which pro¬ 
duce a columnar structure in lava flows furnish further opportunity 
for water movement. Some schists have proven to be satisfactory 
foundation rocks, but, if partially decomposed, the altered, softer 
minerals make planes of weakness through the rock because they lie 
in schistose bands. Serpentine, a green altered igneous rock, is 
another inherently weak rock. 

A condition of weakness may exist also because “hard and soft 
materials, such as limestones or sandstones and shales or clays, are 
often interbedded in alternating layers and are likely to form a 
treacherous foundation, especially where the hard layers are the more 
prominent and the softer ones are either so thin as to appear negli¬ 
gible or, when freshly excavated, are so firm and hard as to appear 
perfectly safe. The softer layers may flow under the weight of the dam 
and cause a slight settling that would lead to the development of 
cracks and the failure of the dam .... The city reservoir at Nashville, 
Tennessee, failed some years ago because a portion settled slightly, 
cracking and slipping out by flowage and sliding on such a thin clay 
layer between harder limestone beds.” 3 

Structural weaknesses of rocks include faults and shear zones. 
“Faults are often troublesome. In a region that is free from earth¬ 
quakes further movement probably will not occur along old fault 
planes, but in earthquake regions such movement is not improbable, 
as witness the displacement for many miles along the San Andreas 
rift in the California earthquake of a few years ago. Even when there 
seems to be no danger of further movements, faults introduce planes 
of weakness in the rocks and provide seepage channels and permit 
upward pressure beneath the dam, all of which are undesirable and 
should be avoided if possible.” 4 However, it has not always been pos¬ 
sible in California to avoid faults in dam construction. 5 

Shear zones are masses of crushed rock resulting from earth move¬ 
ment. These zones may not be readily recognizable at the surface but 

3 Glenn, L. C., op . cit., pp. 103, 104. 

4 Glenn, L. C., op, cit,, pp. 109, 110. 

6 Louderback, George O., Characteristics o! active faults in the central Coast Ranges 
of California, with application to the safety of dams: Bull. Seismological Soc. America, 
Vol. 27. No. 1, Berkeley, California. January, 1937, pp. 1-27. 
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may extend to great depth. The rock in shear zones is both struc¬ 
turally weak and vulnerable to the passage of water under pressure. 

Needless to say, high and heavy masonry dams are not knowingly 
built on weak or permeable rocks of the types just described. How¬ 
ever, dams are built oil alluvial deposits which are intrinsically per¬ 
meable, composed of silt, sand, and even gravel. But the type of dam 
constructed is quite different from the type that can be footed 
directly on bed rock. Instead of concrete, earth is used, and the dam 
“must be a low one in order to keep down the pressure and conse¬ 
quent tendency to leakage, and the base of the dam must be extended 
far enough upstream and downstream that it, either alone or in con¬ 
nection with an apron or aprons, will so prolong the passage of water 
through the sands beneath the dam as to give a frictional resistance 
sufficiently high to prevent harmful seepage.” 0 

The rock beneath the downstream side of a dam must be able to 
withstand the scouring effect of the water that flows over the dam or 
spillways. However, this erosion can be diminished by proper design 
of the dam and through the construction of a protective apron. 

At the dam across the Mississippi River at Keokuk, Iowa, the con¬ 
crete apron at first provided to protect the horizontal, thin-bedded 
limestone below the toe of the dam from scour was found to be insuf¬ 
ficient. In less than a year much of the limestone had been torn out 
and heaped in great piles somewhat lower downstream, so that addi¬ 
tional protection became necessary. The failure of the dam at 
Austin, Texas was due to sliding on the foundation because the 
downstream toe was being undermined by erosion. . . . After six¬ 
teen months flow of the gates, the cherty limestone on which the 
Wilson dam at Muscle Shoals rests was undermined to a depth of 10 
feet in places at the toe, and blocks of limestone weighing 200 tons 
were torn loose and piled up some distance below it. 7 

The rock walls at the sides of a valley into which a dam is tied are 
known as the abutments. They may be considered both part of the 
dam and part of the reservoir. Some leakage is to be expected around 
abutments, but if the percolation grows in volume remedial steps 
must be taken. The chances are that the abutment rock is more 
decomposed than the foundation rock because of greater exposure to 
the atmosphere. However, in the higher parts af the abutment, the 
pressures are not as severe, and the rock, even though weaker than it 

• Glenn, L. C., op. cit., p. 106. 

7 Glenn, L. C., op. cit., p. 105. 
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\s beneath the dam, may be strong enough. The abutment rock 
should nevertheless be given just as close scrutiny and study as the 
foundation rock. Disasters have occurred through the failure of abut¬ 
ments. 

In order to emphasize not only the desirability but also the neces 
sity for cooperation between geologists and engineers in the construc¬ 
tion of dams, a few cases o£ dam failures and their causes are given in 
the following paragraphs. 

Probably freshest in the public mind of the United States is the 
failure of the St. Francis dam in California on March 13, 1928. When 
this dam broke it allowed a great reservoir full of water to pour sud¬ 
denly down a steep-walled valley to the sea, causing appalling loss of 
life and great property damage. The St. Francis reservoir was a part 
of the aqueduct system supplying water to the city of Los Angeles. 
Unfortunately, the construction of this dam was not preceded by a 
geological investigation or the dam would not have been built where 
it was. Following the disaster at least three geological investigations 
were made. About two-thirds of the dam was footed on mica schist 
and the balance upon a fresh water conglomerate. The contact be¬ 
tween the schist and conglomerate is a fault, but there is no evidence 
of any recent movement along this old fault plane which could have 
been the cause of the failure of the dam. A few paragraphs from a 
report made after the disaster follow: 

When dry, the conglomerate of the dam-site is fairly firm, al¬ 
though it is by no means a strong rock. A test, made for the State's 
investigating commission, gave a crushing strength of 500 pounds to 
the square inch, whereas the concrete of the dam has a strength of 
2,000 pounds to the square inch. When wet, however, the rock shows 
a remarkable change. A piece about 2 inches in diameter taken from 
the northwest abutment of the dam at a point directly beneath the 
former structure, when placed in a beaker of water begins to flake 
and crumble and in about 15 minutes slumps to the bottom of the 
vessel as a loose gritty sediment that can be stirred about with the 
finger. Evidently the particles of the conglomerate arc held together 
merely by films of clay and when the mass is wet practically all cohe¬ 
sion is lost. Even the fractured and faulted pebbles fall apart into 
small fragments. 

The conglomerate is traversed by many small veinlets of gypsum 
and it is probable that this mineral constitutes a part of the cement 
that holds the rock together when dry. The solubility of gypsum is 
well known, and the presence of this mineral probably contributes to 
the rapid disintegration of the mass when wet. 
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Quite aside from any possibility of movement on the San Fran- 
cisquito fault, it is plain that the dam, otherwise a well-designed and 
well-built structure, was planned without adequate knowledge of the 
geological features of the site and without proper consideration of 
the structure and materials of the rocks upon which it was to rest. 

It is probable that the dam failed initially at its northwestern 
end. As the conglomerate became water-soaked, the cementing clay 
and gypsum were softened and dissolved. The supposed rock upon 
which that part of the dam rested lost practically all of its strength 
and became no better suited for a foundation than a mass of wet 
earth or gritty clay. Seepage through this material probably in¬ 
creased rather suddenly to a jet of water which, rapidly attaining 
appalling proportions, washed out the softened conglomerate, per¬ 
mitting the concrete to crack and then to be swept out in huge 
blocks, up to 10,000 tons in weight, which were distributed for half 
a mile down the canyon. The terrific swirl of water about the toe of 
the dam undercut the layers of schist at the southeast abutment and 
probably within a few minutes of the opening of the first breach, the 
entire southeastern end of the dam slid down into the canyon, the 
largest fragment coming to rest against the toe of the standing 
middle segment. 8 

A concrete dam built across the Elwha River on the Olympic 
peninsula in the state of Washington was footed on gravel to save 
unexpected expense when the river alluvium turned out to be far 
deeper than anticipated. The pressure of the water impounded above 
the dam forced water down through the gravel under the dam and 
up on the other side, and in a short time a channel was scoured, the 
reservoir emptied,,and the dam left hanging in the ahv r This dam 
likewise was constructed without a geological investigation. 

A cavernous limestone was used as footing for the Hale's Bar dam 
on the Tennessee River near Chattanooga. This limestone extends 
downward for several hundred feet beneath the river bed. “On 
excavating for the dam foundation it was found that the limestone 
was honeycombed with intercommunicating solution channels, some 
of which were several feet in diameter and were choked with sand 
gravel, and cobbles, while others carried water under pressure. Exca¬ 
vation was carried some distance down into this rock and the foun¬ 
dation was thoroughly drilled and grouted, several hundred thou¬ 
sand barrels of cement being pumped into the openings. This honey 
combed foundation caused a delay of several years in the completion 

8 Ransom*, F. L. "Geology of the St. Francis Dam-site,” Economic Geology, Voi. 
XXII, No 5, August, 19^8, pp. 556-562. 
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of the project and doubled or trebled the cost of construction.’ 0 But 
even the the injection of several hundred thousand barrels of cement 
did not prove adequate to seal the foundation rock completely, for 
the cavernous condition continued downward to greater depths than 
were reached by the cement. About eleven years after the reservoir 
filled, leakage below the dam became serious. Efforts to stop it by 
dumping in rock, gravel, clay, mats, rags, burlap, carpets, cinder con¬ 
crete, hay, wrecked bedsprings, and even corsets (elsewhere a firm 
foundation!) proved unavailing. Sufficient sealing was finally effected 
by drilling 68 holes to an average depth of 90 feet into the limestone 
below the dam and forcing over 11,000 barrels of hot asphalt down 
the holes and out into the openings in the rock. The presence of 
innumerable caves in this limestone was well known to geologists, 
and the dam would not have been footed on that formation had a 
geological investigation preceded construction. 

Reservoir sites. “In considering the subject of geologic 
investigations in relation to proposed reservoirs it is well to distin¬ 
guish between investigations of the dam site and investigations of the 
reservoir site. Geologic work on the dam site is restricted to a small 
area that is to contain the foundation and abutments of the dam, oi 
perhaps to several small areas if there are several possible locations; 
but geologic work on the reservoir site must cover the much larger 
area over which the water is to be impounded.” 9 10 From the stand¬ 
point of the geologist the entire problem of reservoir sites is whether 
or not the proposed basin will be practically water-tight. The answei 
lies in the permeability of the rocks forming the walls of the reser¬ 
voir and the position of the water table in those rocks. 

Soluble rocks, or those which have high porosity for other reasons 
are most likely to permit serious leakage. The most soluble rocks 
include limestone, dolomite, marble, and gypsum. In some places 
these rocks are already cavernous because of solution by ground 
water. Even where such rocks are not highly porous, they have poten¬ 
tial porosity because of the possible dissolving action of reservoir 
water leaking through cracks and fissures. Basalt and other volcanic 
rocks may likewise be extremely permeable because of the presence 
of vesicles and other avenues for movement of water. Glacial drift 


9 Glenn, L. C., op. cit., p. 108. 

10 Meinzcr, O. E~ ob. cit., p. 19. 
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and gravelly alluvium have high permeability and have been respon¬ 
sible for a number of reservoir failures. 

The pervious character of lateral and terminal moraines is worthy 
of comment as its dangers do not appear to have received the rec¬ 
ognition that is due it. Large areas in the United States and Canada 
harbor seemingly admirable storage sites where nature has partly 
closed glaciated valleys by moraines, and where complete closure by 
means of inexpensive dams may readily be effected. Reservoirs so 
created, in a number of instances, have been disappointing because 
of uncontrollable leakage through the morainal deposits. In report¬ 
ing some years ago on the condition of dams and reservoirs for the 
water supply of a Rocky Mountain city, the writer was surprised to 
find that out of seven reservoirs four leaked through moraines to so 
great an extent that they could not be filled to spillway level. Thus 
their most effective storage capacity was lost to the city. The dams 
were in excellent condition and showed no leakage, but water es¬ 
caped over large areas through the reservoir bottoms and sides. For¬ 
tunately, in these instances the water was not completely lost, as it 
reappeared along the mountainside where it could be collected in 
pipes and so conveyed to the city, but it could not be completely 
controlled. 11 

Fortunately, there are many kinds of rock that are relatively 
water-tight and therefore satisfactory for reservoir walls. 

Types of rocks that seldom allow serious leakage from a reservoir 
comprise granite and other crystalline igneous rocks; gneiss, schist, 
slate, quartzite, and other varieties of metamorphic rock except 
marble; and shale, sandstone, and other fine-grained sedimentary 
rocks. These rocks may present a variety of serious problems at the 
dam and abutments, but only under exceptional conditions is there 
danger that they will allow serious leakage from other parts of the 
reservoir. Even a sandstone that yields water freely to wells will gen¬ 
erally make a satisfactory containing rock for a reservoir, because the > 
water will percolate through it too slowly to cause serious loss from 
the reservoir and because, on account of the slow movement of the 
water and the small size of the rock pores, the fine material carried 
in suspension by the surface water will be filtered out and will form 
an effectual seal. 12 

The position of the water table in the adjacent rocks with respect 
to the level of the water to be impounded is of utmost importance. 

Most laige dams are built across the valleys of effluent 13 streams, 

n Matthes, Gerard H., op. cit, p. 54. 
lSMelnzer, O. E., op. cit, p. 22. 

18 An effluent stream,is one that is receiving ground water from the sides of the 
valley. 
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•where the water table slopes toward the stream from both sides and 
appears along the banks of the stream in springs and seepage areas. 

If the water table ascends to a ground-water divide that is higher 
than the flow line of the proposed reservoir there will obviously not 
be any leakage, but ground water will continue to percolate toward 
the valley and will seep into the reservoir. ... If in any direction 
from the reservoir site the ground-water divide is lower than the 
level of the proposed flow line it will form an underground spill¬ 
way, over which the reservoir water will escape by percolating 
through the inclosing rocks. If the rocks are not very permeable the 
amount of water that will escape may be negligible, but if the rock 
is a cavernous limestone or a broken basalt the water may escape 
almost as freely as it would over a surface spillway. . . . The lower 
end of a reservoir is usually the most critical end. Here the water is 
impounded to the greatest height above the original stream level 
and is unavoidably raised far above the water table. 14 
Obviously, the proper geological evaluation of a reservoir site 
involves a detailed geological investigation. Because the water table 
is not only a fluctuating but also a rolling surface, its elevation at all 
parts of the basin and for all seasons of the year must be determined. 
A single place where the water table is depressed might become an 
underground spillway and not only permit serious leakage into an 
adjacent drainage basin, but also prevent filling of the reservoir. In 
addition to ground water studies, the surface and subsurface geology 
must be mapped in detail. The character of all of the formations 
composing the reservoir walls should be known, as well as pertinent 
structural information including the dip of the formations and the 
location, if present, of faults and shear zones. 

The possibility that a reservoir may become filled with silt must 
be investigated by both the engineer and the geologist. The former, 
by means of a river-flow data and analyses of the water, can calculate 
the amount of silt now carried by the streams. The geologist by a 
critical examination of soil conditions in the drainage basin above 
the dam site can to some degree forecast possible changes in the 
amount of silt carried. 

Some power dams on the southern piedmont have been entirely 
filled and all reservoir capacity lost in two or three decades. Many 
others are partly full. Many of the irrigation reservoirs of the West 
are filling at a rate that will render them useless in 75 to 125 years. 
The Roosevelt, McMillan, Elephant Butte, and others show notable 
silting. The reservoir at Austin, Texas, has silted up more than 95 
per cent in a little over a decade after it was rebuilt some years ago. 

14 Meinzer, O. E., op. cit., p. 23. 
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It is estimated that the Colorado River will fill the Boulder Dam 
reservoir in 190 years. 15 

f 

; Reservoir failures are not ordinarily as spectacular or disastrous 
• as dam failures, but nevertheless may result in the complete abandon¬ 
ment of a project, tyith consequent financial loss. About 35 years ago 
the city of Seattle proposed to construct a dam across Cedar River in 
the Cascade Mountains in order to impound water for both power 
and municipal supply. A committee of geologists and engineers 
called in for consultation condemned the site, pointing out that one 
side of the proposed reservoir was a glacial moraine. Their report was 
ignored, and the dam was built. But before the reservoir filled com¬ 
pletely, water suddenly broke out on the far side of the moraine, over 
a mile away and at an elevation 565 feet lower than the level of the 
water in the reservoir, and washed out a railroad grade, a sawmill, 
and a settlement. It is not only desirable to obtain geologic advice in 
engineering projects, but also to heed that advice. 

The Jerome reservoir, in Idaho, is situated in a depression under¬ 
lain by several hundred feet of basalt flows. The water table is far 
below the surface, and leakage through the basalt, though the rock 
was protected by a cover of soil 10 feet thick in places, was so great 
as to cause the abandonment of the reservoir. The Hondo reservoir, 

- in southeastern New Mexico, is situated in a natural depression 
surrounded by fairly substantial limestone. Below a surface soil the 
floor is underlain by shale and gypsum, as shown by drill holes, 
and according to the best information the water table lies about 200 
feet below it. After the reservoir was constructed leakage through the 
cavernous rock beneath it was so rapid as to cause the formation of 

• sinkholes in the soil, and the loss of water was so great that the 
reservoir was abandoned. 18 

Bridges. Bridge piers are footed on rock which must 
be adequate both to hold the great weight of concrete and steel and 
to resist the torsional pressure caused by the current pushing against 
the pier and tending to topple it. The foundation rock must also be 
resistant to physical and chemical erosion by the water flowing under 
the bridge. The foundations for the approaches also should be inves¬ 
tigated to make sure that they can withstand the weight of the struc¬ 
ture and fill. The fill itself must be composed of material that will 
not creep. 

Yl> HU . . . . 

* 15 Glehn, L. CL, op, cit., p. 99, 

« 16 Bryan, Kjrk, "p$ology of reservoir dam sites, with a report on the Owyhee irriga¬ 
tion project, pregon”; U, S. Geol. Survey, Water Supply Paper 597-A, 1929, p. 8. 
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A few years ago the State Geologist of Mississippi was requested by 
the highway department to pass upon the feasibility of erecting a 
bridge over the Yazoo River near Yazoo City. His report to the Mis¬ 
sissippi State Highway Department, after describing the Tertiary and 
younger formations that make up the river bluffs, states: 

To an elevation of 131.7 feet above the flood plain . . . the bluff 
consists of clayey material which is most nearly impervious at the 
top where it is in contact with the overlying porous sand and gravel 
of the Citronelle, itself in contact with the overlying porous loess. 
The rainwater, transformed into groundwater, descends through the 
loess and thence through the sand and gravel until it reaches the 
clay which it cannot penetrate. Consequently, it must flow along 
this clay contact until it reaches the valley side, which intersects the 
contact plain. Here the water issues as seeps and springs. Accord¬ 
ingly, it not only adds its weight to the mass, already in an unstable 
condition of equilibrium, but also lubricates the underlying clays, 
making them plastic and extremely slippery. Such contacts of un¬ 
derlying impervious clays and overlying porous beds always result 
in landslides, and the bluffs at Yazoo City are no exception to this 
rule. As a matter of fact some of the loess has already slipped away 
to the very top of the bluff 245 feet above the valley flat, which de¬ 
veloped a crack in the northwest corner of the concrete lined and 
capped city reservoir, that permitted its waters to pour forth in a 
roaring torrent—resulting in its abandonment. 

For a half mile or for even a mile, therefore, the eastern highway 
approach to a bridge at this site would have to be constructed over 
a terrace that, in most places, has slipped in the past; that, in some 
places, is still slipping up to the present moment; and that, in. most 
or all places, will continue to slip for an indefinite period, or until 
a state of equilibrium is reached in the untold ages of the future. 
To dump material for a highway fill upon any of the four sides of 
these two spur ridges, the westernmost side of the western of which 
is the Yazoo Bluff itself, would simply be to add to this unstable 
condition. Undoubtedly it would hasten the initiation of the slip¬ 
ping which would inevitably follow. To remove any of this unstable 
material and any additional stable material beneath would also dis¬ 
turb the present temporary equilibrium and would also hasten the 
initiation of slipping. Even though the east pier of the bridge at this 
site could be seated in the bed rock of clayey, calcareous marl, the 
construction of fills and the excavation of cuts would initiate sliding 
of such magnitude as to threaten the pier, as to dissipate the fills, 
and as to fill the cuts. Hundreds and hundreds of tons of landslide 
material would have to be removed at intervals for years to come, 
even if the pier itself were not thrown out of alignment by the im¬ 
pact. In short, to construct a main thoroughfare approach to the 
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bridge at this site is simply to invite disaster. It is an impossible 

location. 17 

By acting upon the recommendations in this report the State in all 
probability saved many thousands of dollars. 

Tunnels. Tunneling through rock is a very expensive 
operation, and the magnitude of the expense is dependent largely 
upon the kind of rock encountered. Rocks such as granite, quartzite, 
and basalt are very hard and tough. Tunnels can be driven through 
most sandstones and shales at much less expense. However, if the 
rock is too loose ,it will cave, and there will be the added cost of 
holding up the roof as tunneling progresses. The structure of the 
rocks is important because of the effect it may have in bringing dif¬ 
ferent formations across the line of the projected tunnel and because 
of the control it has on the distribution of ground water. The rock 
sequence anticipated in driving the tunnel will indicate where large 
flows of water may be expected, so that precautions for adequate 
drainage can be made in advance. 

All faults should be discovered and mapped in advance if possible, 
for not only may they cause an abrupt change in the character of the 
rock, but they may be bordered by a zone of sheared rock with caving 
tendencies. In addition, careful observation should be made of faults 
to see whether they are “alive” or “dead.” If there is any evidence 
whatsoever of recent movement along the fault plane, the tunnel site 
should be condemned. 

A geological investigation of a proposed tunnel site calls for very 
accurate and detailed mapping of the surface geology through ex¬ 
posures above the tunnel and in nearby valleys. The downward and 
inward trend of the different rpcks should he determined by strike 
and dip readings. If the rocks are bedded and without angular uncon¬ 
formities this is a fairly simple procedure. However, if the rocks are 
igneous or metamorphic, unforeseen changes may take place in the 
trends, and diamond drilling under the direction of a geologist 
should precede the driving of the tunnel. Detailed geological studies 
may lead to the discovery of other possible tunnel sites in which costs 
would be materially less. 

A complete geological report was not prepared before the driving 
pf the Moffat tunnel through the Front Range of the Rockies above 

17 Morse, W. C., Geologic Conditions Governing Sites of Bridges and other Struc¬ 
tures, Mississippi Stalls Geological Survey, Bulletin 27, 1935, pp. 12-14. Published by 
the University of Mississippi. 
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Denver. During the construction of the tunnel a series of shear zones 
was encountered in which caving of such magnitude occurred as to 
both delay completion many months and enormously increase the 
expense. An illustration has been cited 18 of a railroad tunnel which 
was driven through a mountain ridge in Pennsylvania, but which 
bankrupted the contractors. The ridge happened to be an anticline 
with soft shale exposed at both the portal sites of the projected tun¬ 
nel and across the top of the hill between. The contractors, not being 
geologists, failed to recognize the anticlinal character of the rocks and 
assumed that the shale extended clear through the ridge. However, 
they soon found that the shale was arched up and underlain by a very 
hard sandstone through which most of the tunnel had to be driven. 

Highway construction . The modern highway is con¬ 
structed with a minimum of grades; the hills are cut and the hollows 
filled. Road cuts made through solid rock are very expensive. A geol¬ 
ogical investigation of a hill in which a cut is anticipated will result 
in an accurate forecast as to both the quantity and kind of rock that 
will be encountered. These data can be used in estimating cost, and 
if it is excessive, the geologist may be able to recommend an alterna¬ 
tive and much less expensive routing. 

Slides from the walls of cuts and adjacent hillsides are a recurring 
item of expense to highway departments. A geological study leads to 
the recognition of rock types and structures favorable to sliding. 
Where such rock is encountered and recognized, it may be possible 
either to avoid this rock altogether by a slight change in routing or 
to plan the cut so that the slopes will be less than the angle of repose 
of the material. 

Landslides may cause difficulty not only in highway building, but 
also in railroad, dam, aqueduct, and other construction projects 
involving excavation. Except for very small slides, retaining walls are 
ineffective. Most control efforts can be classified under one of three 
headings: (1) treatment of unstable slopes, (2) consolidation of the 
unstable material, and (3) correction of the ground water conditions 
which cause the lubrication of the material tending to slide. One 
method of slope treatment, decreasing the angle of slope, was men¬ 
tioned in the preceding paragraph. This merely does what the side 
was attempting to do. Another common procedure for increasing the 
stability of creeping earth slopes is to grow deep-rooting plants on 

18 Agar, W. M., Flint, R. F., and Longwell, C. R. Geology from Original Sources 9 
p. 478. New York: Henry Holt & Company, Inc., 1929. 
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the surface. These serve the dual purpose of increasing soil stability 
with their network of roots and of extracting water from the mantle. 

Consolidation of the unstable material has been accomplished by 
grouting with cement and by freezing the sliding mud. The latter 
method is obviously temporary, but it does permit the uninterrupted 
completion of foundations. It was used most successfully during the 
construction of the Grand Coulee Dam in Washington. 

Ground water drainage to stop sliding has been successfully em¬ 
ployed in several places. The common procedure is to lower the 
water table in the vicinity by diversion of surface drainage, pumped 
wells, and even by tunnels. One sliding area in California was 
brought under control by forcing warm air through a series of tun¬ 
nels into the clay mass in order to dry it out. 

Still another problem in highway construction is the strength and 
permanence of foundations and fill. It is necessary, of course, in most 
instances to utilize whatever material is available. Fills are made of 
the material either moved from adjacent cuts or lying alongside the 
grade. However, some rocks, particularly certain clays, will not hold 
a concrete slab without sliding. Other types of road material soak up 
instead of draining water, and so alternately swell and shrink depend¬ 
ing upon the climatic conditions. In these cases it is advisable to 
discard local material and to construct the grade with rock brought 
from a greater distance. 

Recently, geologists have been utilized by highway engineering 
staffs to determine the direction of flow of water underground. If the 
direction of the established subsurface drainage is known, it is pos¬ 
sible to place the highway drains where they will do the most good. 
Formerly the drains were indiscriminately placed on both sides and 
through the grade, resulting in much unnecessary expense. 19 

Military use of geology. The peace-time duties of the 
United States Army Engineers include supervision of such public 
works projects as flood control, including the construction of dams 
impounding great reservoirs, and harbor development. Both con¬ 
sulting engineering geologists of recognized ability and resident 
geologists are employed on the larger projects. 

It was not fully realized at the start of the first World War that 
geologists could be of assistance even on the battlefield. The few 
geologists who were attached to the general staffs of the different 

If* Hilton, Willard <?.. Geologist, Kansas Highway Commission: Informal Report, 
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armies had much prejudice to overcome in regard to their value in 
active service, and they were in a position to observe the many mis¬ 
takes brought on by lack of utilization of geological advice. The fob 
lowing paragraphs are quoted to illustrate the value, or at least the 
potential value, of applying geology to war-time activities of an army 
in the field during World War I: 

During the great battle of Verdun a body of troops was ordered 
to intrench itself on the high plateau of the Cotes de Meuse. Even 
a casual examination of the geologic map would have shown that 
the plateau was underlain by hard limestone with less than a foot 
of soil. This material could not be excavated with the light tools 
furnished or even with proper equipment in the time available. As 
a consequence there was a large and needless loss of life. . . . 

In the early part of the war, when transportation facilities were 
crowded to the limit, the British brought road metal from England 
in ignorance of the fact that a geologist was able to designate readily 
accessible sources in the theater of operations. A responsible officer 
in our own service made a requisition for filter sand to be trans¬ 
ported across the Atlantic, though the geologists of the American 
Expeditionary Force had already found localities where such sand 
could be procured in France. . . . 

In our Army many large plants, such as hospitals and flying fields, 
were located without any definite knowledge of the source of needed 
water. In the British Army, after the first year, no well drilling was 
permitted without the approval of the geologist in charge of water- 
resource investigations. There was no such rule in the American 
Expeditionary Force, and many wells were drilled with no adequate 
knowledge of the underground-water conditions. In many instances 
it was not until hospitals or other large plants actually had a short¬ 
age of water that the geologist was called into consultation . 20 

The hazards of war do not always permit an army to select the 
terrain on which it will fight. Nevertheless it is evident that in a 
region like the Somme the terrain on which battle is delivered may 
be intelligently or unintelligently utilized. Unfortunately it hap¬ 
pened during the great war that a higher officer, even a general of 
engineers, would sometimes remain blindly unaware of the vital 
relation of geological structure to the fighting power of his army, 
while his subordinates complained bitterly of the wasted effort and 
the unnecessary suffering which such ignorance entailed. Dugouts 
were excavated and then found useless because it was impossible 
to drain them. Tunnels and mines driven at great cost of time and 
labor were abandoned before attaining their object, because a water- 


20 Brooks, A. H., The Use of Geology on the Western Front, U. S. Geol. Survey, 
Professional Paper 128-D, 1920, pp. 87-105. , 
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bearing zone above or below was cut into and the workmen 
“drowned out." Men suffered misery in trenches deep with mud and 
water. And all this when changes of but a few feet in surface loca¬ 
tion or differences of a few feet in depth of excavation, perfectly 
feasible from the tactical point of view, would have avoided the 
damage incurred. Even with no change of location, drainage could 
often be effected by sinking in the bottom of the wet trench or dug- 
out a narrow subsidiary trench reaching into an underlying per¬ 
vious formation, or by driving pits or wells down into that formation 
so as to let accumulated waters escape below. With the lapse of time 
and at the cost of bitter experience these facts became more and 
more widely known. 21 

The start of World War II found the American military organi¬ 
zations no better prepared to utilize geology than they had been at 
the beginning of World War I. This condition existed in spite of the 
widely known fact that the German army organization included 
geologists on the staffs at all levels. According to the fairly volumin¬ 
ous pre-war literature produced by German military geologists, the 
duties of the general staff geologists and geographers were to guide 
war mineral exploration and exploitation in Germany and acquired 
territories, while the specialists attached to the field armies were to 
advise the combat units concerning terrain, water supplies, construc¬ 
tion materials, and allied subjects. It was reported that the German 
Wehrmacht included no less than 600 geologists in the Italian and 
North African campaigns alone. 

Fortunately, during the spring of 1942, the U. S. Corps of Engi¬ 
neers became aware of the latent possibilities in military geology, and 
liason was established with the U. S. Geological Survey which led to 
the establishment of a Military Geology unit in the latter organiza¬ 
tion. Some of the accomplishments of this group have b^en interest¬ 
ingly described by Saturday Evening Post writer MarJ&;Sommers, 
from whose article the following random paragraphs awquoted: 

This is to report on one of the most interesting and important 
additions to the collective brain of the United States Army. It was 
sired by the Army’s Corps of Engineers, out of the United States 
Department of the Interior. An enthusiastic engineer officer once 
called it “our Civilian Task Force No. 1.” It consists of a upit of 
around 100 of the ablest geologists—fourteen of them women—this 
country could mobilize, and their assistants. Today, in the,Cata¬ 
combs of one of Washington’s older office piles, they labor night and 
■ ■ } 

St Johnson, Douglas V., Battlefields of the World War. American Geographical 
Society, Research Series No. S, 1921, pp. 117-119. • - 
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day at a monumental task of scientific fortunetelling—the prepara¬ 
tion of detailed reports which, in advance, tell our assault troops 
the kind of terrain and subterrain they will find when they strike at 
objectives from China to the Ruhr, and from Attu to Luzon. In 
addition, civilian combat teams are chosen from the more rugged 
members of the unit and sent out to the battlegrounds to analyze 
the terrain on the scene, and to check on the accuracy of the office- 
brewed reports, so that this type of military intelligence can be im¬ 
proved for future operations. 

Here is the broad word picture of what this civilian task force does: 
Working from a topographical map, which presents the surface 
features of an area, and a geological map, a multicolored mirror of 
what lies beneath the surface, the scientists tell the Army where to 
find the best sites for airfields, water, soil suitable for road building, 
stone for cement, other construction materials, and just about any¬ 
thing else the military planners may desire. In 1942, the geologists 
proved that, lacking air photos, they could take those two simple 
weapons, the topographical map and the geological map, and, from 
their knowledge of their science, produce thirteen volumes of infor¬ 
mation, including about 1,000,000 useful facts, on North Africa. Air 
photos on North Africa were not obtainable until September, 1942, 
too late for much of the advanced planning for the early November 
invasion that year. 

Long before the marines hit the beach on Guadalcanal, the Air 
Forces wanted the geologists, then just getting started in Washing¬ 
ton, to suggest the best possible areas for an airfield site on the 
island. The scientists had no real information—a few odd photo¬ 
graphs of dubious value and snatches of comment from missionaries, 
made long in the past, constituted the whole. But they went to work 
at imagining what the soil and water conditions would be like, 
basing their frank guesses on data about other islands thought to be 
similar to the Solomons geologically. One deduction was checked 
against another until the process became something like a debate. 
Finally, a site was recommended. It turned out to include what is 
now Henderson Field. The military expressed ungrudging admira¬ 
tion for a guess made on the basis of no intelligence, at a range of 
10,000 miles. 

The range of the uses to which the geologists' scientific divinings 
can be put seems endless, judging by reports which have come back 
from the global fronts. In Sicily, American lines were being bombed 
by planes from a hidden German airfield. Our planes couldn't find 
it. As a last resort, air intelligence officers turned to the folio that 
had been prepared for the Sicilian invasion, with possible airfield 
sites neatly indicated. After they checked known fields against pos¬ 
sible sites, the Luftwaffe hide-out was located and blasted out of 
action. 

When Maj. Gen. Claire Chennault's 14th Air Force first was 
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established in China, targets had to be very carefully selected be¬ 
cause the supply of planes, bombs and fuel was limited. The air 
strategists wanted to make certain that when they attacked impor¬ 
tant Jap mining installations they would be sure to hit the build¬ 
ings most vital to the production of refined ore. Some of the geolo¬ 
gists are world-renowned specialists on ore deposits. They were able 
to pin-point targets, notably the Fusan installations, the zinc smelters 
at Haiphong, and the Celebes nickel mines. 22 

In addition to those connected with the Military Geology section 
of the U. S. Geological Survey, hundreds of civilian geologists were 
in other governmental branches, and in private industry, engaged in 
a relentless search for new supplies of strategic minerals, not only in 
the United States, but also in Canada and Latin America. That this 
activity was successful is attested by the fact that no war production 
or allied military campaign was held up for any length of time due 
to lack of mineral raw material. 

Geologists in service were utilized to some extent in prospecting 
for ground water supplies and as interpreters of terrain from air 
photos. 
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Geology in the post-war world. The cessation of hos¬ 
tilities in 1945 did not produce a lessening in the use of, or Remand 
for, geologists. On the contrary, the peoples of a bomb-Jtfghtened 
world demanded that the search for radioactive ores anc| bdier stra¬ 
tegic minerals be not only continued but accelerated.^fpte author¬ 
ities in this country, and no doubt elsewhere, have raa<0a survey (in 
which geologists assisted) of all underground openiijj§s such as natu¬ 
ral caves and man-made mine workings as possible,isites for essential 
industries in future “emergencies.” Every country, and especially 
the United States, drew heavily upon mineral reserves during the 
war years, and a vigorous prospecting campaign is under way in an 

22 Sommers, Martin, “The Army’s Pet Prophets," The Saturday Evening Post, 
March 24, 1945. Reprinted by permission of the Curtis Publishing Company. 
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attempt to discover new supplies adequate to take care of normal 
peace-time domestic demand. 

The utilitarian value of geology has been amply demonstrated; the 
challenge that now faces the science is that of obtaining equal success 
in demonstrating its cultural values. 
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Mosasaurs, 432-433 
Mosses, 379 

club, 380 

Mother Lode, California, 279 
Mountains, 15, 315-321 

building periods, 365-367 

chains, 318-319 

faulted, 319-320 

folded rock, 317-319 

of butte and mesa types, 320-321 

origin of,, 315-316 

rejuvenated, 316, 318 
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Mountains (Cont.): 

volcanoes, 316-317 
wind gaps in, 98 
Mount Gould, Wyoming, 147 
Mount Hood, volcano, 255, 435 
Mount Katmai volcano, Alaska, 275 
Mount Lassen, 255, 435 
Mount Mayon, Luzon, 256 
Mount Mazama volcano, 263 
Mount Rainier volcano, 161, 255, 257, 
316, 435 
glaciers on, 138 
Mount St. Helens, 435 
Mount Shasta volcano, 141, 255, 257, 316 
Mud cracks, 221, 291 
Mud flows, 174-175 
fossils in, 369 
Mud skipper, 391 
Museums, fossils in, 370 
Muskrat, 401 
Mussels, 385 

N 

Nashville, Tennessee, reservoir at, 479 
National Park Service, U. S. Department 
of the Interior (see IJ. S. Depart¬ 
ment of the Interior) 

Natural bridges, 71, 169 
Natural gas, 246-250 
Neanderthal man, 444-445 
Nebraska, wind erosion in, 52 
Nebula, 351 

Nebular hypotheses, 351-352 

Neomylodon, 369 

Nevada, Lehman Cave, 70 

Nevadian disturbance, 424 

Newark group of rocks, 423 

New England, batholiths in, 269 

New England hurricane, 46-47, 189-190 

Newfoundland, 453 

New Jersey, Franklin, 331 

New Mexico, 421 

Acoma, mesa, 100 
Alamillo Creek, 271 
Cabezon Peak, 120 
Carlsbad Caverns, 70, 74, 75 
fossils in, 369 
lava flows in, 260, 262 
Pecos River, 116 
sand dunes.in, 40 
Ship Rock, 275 
sinks in, 166 ,167 
New Orleans, Ill 
New York, salt production in, 239 
New Vork tferfaor. 201 
New Zealand, geysers in, 66 
Niagara Falls, 96, 440 1 

graphite made at, 330 


Niagaran Sea, 412 
Nichols, Robert L., 190 
Nickel deposits, Proterozoic, 407 
Nile: 

delta, 3, 37, 111 
floods, 130 

Niobrara chalk, 431, 433 
Nome, Alaska: 

gold in beach sands, 197 
series of beaches, 200 
Norris Dam, 133 
North America, 433 

average height of, 106 
volcanoes in, 254 
Norway, 413 

clayslides, 175 
fiords, 201 
glaciers, 138 
Nummulites, 381 

o 

Obsidian, 251 
Ocean basins, 14-15, 291 
origin of, 355, 356 
Oceans, 14, 181-205 
age of, 359 

clastic material in, 214-215 
composition of, 183-184 
currents, 184, 186 
deposition, 188, 193-196 
deep, 197 
depths, 183 
distribution, 183 
economic products of, 182 
effect of, on climate, 182-183 
erosion, 186-187 
erosional features, 189-192 
life in, 184 
role of, 181 
shorelines, 189-192 
age of, 202-205 
tides, 184, 186 

transportation of materials, 187 
vertical fluctuations of sea level, 
198-202 

water, movements of, 184-187 
waves, 184-186 
Octopus, 387 
Ohio: 

grindstones from, 233 
salt production in, 239 
Ohio River: 

floods, 131-132 
Upper, after Ice Age, 155 
Oil, 246, 250 

crude, 247 
from pool, 167 
from sh^le joints, 293 
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Oil (Cont.): 

in Pennsylvania, 416 
of Ordovician period, 411 
origin of, 247-248 
surface indication of, 465 
theories re., 247-248 
trapping of, 250 
traps, 331-337 

Oil-bearing rocks, fossils in, 370, 372 

Oil-finding, science of, 464-471 

Oil shale, 228 

Ojai, California, 297 

Oklahoma, 72, 421 

Olivine, 285 

Ontario: 

gold and silver ores in, 279 
lakes in, 163 
Ooze, 198, 235 
Ordovician period, 410-411 
economic deposits, 411 
first vertebrates, 410-411 
life of, 410 

Taconic disturbance, 411 
Ore deposits, 279, 282 

and ground-water activity, 72 
of Archeozoic era, 406 
prospecting for, 452-461 (see also 
Prospecting for ores) 

Oregon: 

glaciers in, 139 
gold in beach sands, 197 
Mount Mazama volcano, 263 
Oregon Cave, 70 
Vanport, 132 

Organic deposits, table, 225 
Organic sediment, 211 
Oriskany sandstone, 413 
Ostriches, 399 
Otter, 401 

Outwash plains, 160 

Overgrazing, 128, 130 

Owachomo Natural Bridge, Utah, 88 

Oxbow lakes, 115, 116 

Oxbows, 109 

Oxidation, 19, 24 

Oxides, 11 

Oxidized iron ore, 31 
Oxidized manganese ore, 32 
Oxidized uranium ores, 32-33 
Oxygen salts, 11 
Oysters, 385 
Ozark upland, 27 

P 

Pacific Ocean: 

basin, origin of, 356, 360 
border area, 433 
coral islands, 184 


Pacific Ocean (Cont.): 

depth of, 183 
Painted deserts, 423 
Paleontologist, 2 
Paleontology, 373-374 
Paleozoic era, 408-423 

Cambrian period, 408-410 
Devonian period, 413-416 
Mississippian period, 416 
Ordovician period, 410-411 
Pennsylvanian period, 416-4 
Permian period, 419-423 
Silurian period, 411-413 
Palisade Mountains, 423 
Palms, sago, 380 
Paraffin, 247 
Paricutin volcano, 255 
Passenger pigeon, 399 
Patagonia, fossils in, 369 
Pearls, 386 
Peat, 243, 246 
Pebbles, 233 

Pecos River, New Mexico, 116 

Pegmatites, 271-272, 276, 277-278 

Peking man, 444 

Pelecypods, 385-386 

Peneplain, 105-106 

Penguins, 399 

Pennsylvania: 

coal in, 246 

Johnstown flood, 130-131 
slate in, 329 

Pennsylvanian period, 416-419 
amphibians, 418-419 
formation of coal, 416-417 
life of, 417-418 
reptiles, first, 419 
Periods of geologic time, 366, 367 
Permian period, 419-423 

Ancestral Rockies, 420-421 
Appalachian revolution, 421 
continental glaciation, 421 
Dunkard series, 420 
economic products, 421 
life of, 421-423 
trees of, 417, 418, 419 
Petrifaction, 77, 222 

Petrified Forest National Monument, 77, 
423 

Petrographer, 2 
Petroleum, 246-250, 432 
composition of, 247 
distribution of, 250 
prospecting for, 464-471 
Phosphate rock, 212, 243 
Physiographer, 1 

Picands, Mather, and Company, 32 
Piedmont glaciers, 138 
| Pigeon, 399 
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Piggot, Charles S„ 198 
Pigs. 401 

Pike's Peak, Colorado, 99, 269 
Pillar, calcite, 75 
Piracy, running water, 96-98 
Pitchblende, 406 
Pithecanthropus, 444 
Placer deposits, 45, 111-112 
Placer prospecting, 453-454 
Placers, berch, 197 
Plains: 

Great (see Great Plains) 
outwash, 160 
Planation, 88, 93, 108 
Planetesimals, 354 
Planets, 342 

Plants, important, 379-380 
sediments of, 216, 217 
Plaster of paris, 241 
Plasticity, 227 
Plateau: 

dissection of, 103 
glaciers, 138 
Platinum, 112, 277 
Platte River, 91-92 
Platypus, 400 
Playfair, John, 5 
Pleistocene epoch, 439*441 

continental glaciers of, 439-440 
Great Lakes, 440-441 
Plesiosaurs, 428 
Pliny, 257-258 
Pliohippus, 442 
Plucking, glacial, 144 
Point Firmin, California, landslide at, 
176, 177 
Polar bear, 401 
Pompeii, 258, 369, 370 
Popocatopetl volcano, 317 
Porcupine districts, Canada, 406 
Porifera, 382-383 
Porphyry, 284 

coppers, 72 
Porpoise, 401 

Portland cement, 228, 237, 241 

Potash, 212 

Potholes, 94, 96 

Power, water, 133 

Prairie dogs, 401 

Precipitated sediment, 211 

Precipitation, 10 r 83-84, 215 

Prentiss, Arthur, 170 

Pressure, and metamorphism, 322-323 

Primates, 401,403,443 

Princeton, Massachusetts, 159 

Prospecting* 

and mining geology, 458-461 
lor coal, 462-464 
for oil, 464-471 


Prospecting (Cont.): 
for ores, 452-461 
in metamorphic rocks, 461-462 
instruments, 457-458 
lode, 454 
placer, 453-454 
surface, 452-453 

Proterozoic era, 366, 379, 407-408 
continental glaciation, 407 
Killarney Mountains, 407-408 
life of, 408 
mineral deposits, 407 
Protoplasm, 376 

adaptability of, 377-378 
Protozoa, 380-382 
Pteranodon, 429 
Pteridophyta, 379-380 
Pteridospermophyta, 380 
Puget Sound, 119, 201, 205 
Pumice, 257 
Pyramids, 381 
Pyrite, 327 

Q 

Quartz, 231 

in sandstone, 231-232 
sand dunes, 40 
Quartzite, 58, 231, 327-328 
Quartzitic conglomerate, 224, 234 
Quebec, 163, 175, 279 

R 

Radioactive method, of determining 
earth's age, 357 
Radiolaria, 382 
Radium, 32 
Rain, 83 

acidic, 259 

Rainbow Natural Bridge, 424, 425 
Rainfall, rate of, and runoff, 85 
Rainy Lake, 161 

Rancho la Brea tar pits, fossils in, 370, 
371 

Rand gold district. South Africa, 347, 
464 

Rapid flowage, 171, 174-176 
Rapids, 94 

Reactions, chemical, 10 
Recessional moraines, of continental 
glaciers, 157-158 
Recharging aquifers, 81-82 
Recreation: 

glaciers and, 161-163 
rivers and, 133-134 
Recrystallization, 324 
Red beds, 363-364 
Red River Valley, 161 
Reeds, Chester A., 71 
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Reefs, 216-217 
Reforestation, 132 
Rejuvenation, 120 
Replacement, in veins, 280-281 
Reptiles, 394-396 
age of, 365 

first, in Pennsylvanian period, 419 
flying, 396 

of Cretaceous period, 433 
of Jurassic period, 428-430 
marine, 396, 398 
Reservoir rocks, 212 

closing of, 332-333 
oil and gas in, 331-337 
Reservoirs: 

closed, 332-333 
failures, 484, 486 
ground water, 233 
Reservoir sites, 483-486 
Residual clay, 29 
Residual mantle, 26 
Retainers, 56-57 
Revolutions, 365-366 
Rhine River, 306 
Rhine valley, loess in, 43 
Rhode Island, shoreline changes in, 190 
Rhyolite, 285, 286 
Richmond Sea, 410 
Rickard, T. A., 453 
Rinehart, Allan, 189 
Ripple marks, 221 

current, 222, 223 
Ripples, 40-41 
Riprap, 473-474 
Rivers: 

clastic material in, 214 
drowned valleys of, 119, 201 
eskers, 160 
in flood, 89 
piracy, 96-98 
systems, 83, 86 

velocity, and erosion, 87 
use of, 133-134 

Riviere Blanche, Quebec, 175 
Road-building, 474-475 
Roches moutonndes, 153 
Rock and Spindle, 274 
Rock benches, 100 
Rock City, Kansas, 75 
Rock Creek, Washington, D. C., 301 
Rock flour, 159 
Rock formation, cycle of, 329 
Rock glaciers, 171-174 
description of, 174 
recognizing, 172-173 
Rock glass, 251, 283-284 
Rock phosphate, 212, 243 


Rocks: 

acidic, 284, 285 

and ground-water reservoirs, 56-57 
and history of earth, 362-365 
Archeozoic era, 404-405 
basic, 284, 285 

colors of, and history of earth, 363- 
364 

compaction of, 167 
container, 56 
folding of, 290 
granular, 57 

homogeneous, ground water limits, 
58-59 

igneous, 251-286 (see also Igneous 
rocks) 

metamorphic (see Metamorphic 
rocks) 

perched or balanced, 159 
porosity of, 56 
Proterozoic era, 407 
reservoir, 249-250 
retainer, 56 

sedimentary, 211-250 (see also Sedi¬ 
mentary rocks) 
slide, 23 
toadstool, 102 
types of, 13-14 

weathering, 19-33 (see also Weath¬ 
ering, rock) 

Rock structures, 291-307 
faults, 300-306 
folds, 290, 295-300 
joints, 290, 292-293 
tilted rocks, 290, 293-295 
unconformities, 306-307 
underlying, of streams, 119 
Rorkies, Ancestral, 420 
Rocky Mountain National Park, Colorado, 
149 

Rocky Mountains, 123, 319, 409, 424, 431, 
432, 434 

ground water from, 81 
modern, story of, 437-438 
springs in, 63 
states, volcanic ash in, 44 
Roman philosophers, on geology, S 
Ross, C, P., 233 
Rotation of crops, 125 
Running water, 83-136 
deposition, 91-92 
results of, 106-113 
erosion, 86-89 
results of, 92-106 
soil, 124-136 
run-off, 84 
course of, 85-86 
source of, 83-85 

transportation of sediment, 89-91 
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Run-otf, water: 

course of, 85*86 
factors that control, 84*85 
Russia, Carelia, oldest rock in, 361 

S 

Sago palms, 380 
Sahara Deserr, 431 
St. Francis dam, California, 478, 481*482 
St. Lawrence Valley, earth flows in, 175 
St. Peter sandstone, 411 
Salamanders, 393 
Saline waters, 59 

Salt, 212, 215, 216, 225, 238*241, 438*439 
and history of earth, 364 
Saltation, transportation by, 89-90 
Salt dome, 332, 333 
Salt lakes, 206-207 
Salt mines, 239, 240, 412 
Salt plugs, 240, 332, 333 
Salt springs, 239 

San Andrews fault, California, 302, 303 
Sand, 22, 224, 233 
Sand deposits, 112-113 
Sand dollars, 384 
Sand dunes, 38*43 
ancient, 424 
as reservoirs, 42-43 
distribution of, 38 
in Imperial County, California, 39 
migrating, 39, 41 
obstruction, 38-39 
ripples of, 40-41 
shapes and sizes, 39-40 
Sand-paper, 331 

Sandstone, 57, 212, 223, 224, 228-233 
and history of earth, 363 
as building stone, 232-233 
cementing substances, 231 
colors of, 232 
Dakota, 294 
distribution of, 231 
porosity of, 232 
shale with, 230 
uses of, 232-233 
San Francisco Bay, 119, 201 
salt from, 240 

San Francisco earthquake (1906), 314 
San Juan River, 122, 297 
San Luis Valley, Colorado, sand dunes in, 
40, 41*42 

Santa Fe Springs, oil field, California, 334 
Satellites, 342 

Saturated zone, percolating water, 58 
Saturn, 352, 

Scandinavian Peninsula, 287 
Scenic areas, 161-163 
Schist* 13, 326, $27, 330 


Schistose texture, 326 
Schoewe, W. H., 44 
Scorpions, 388 
Scotland: 

Island of Arran, 272 
oil shale in, 228 
Scouring rushes, living, 380 
Sculpture, wind, 37*38 
Sea cliffs, 189 
Seal, 401 
Sea level, 181 

and erosion, 102*106 
vertical fluctuations of, 198*202 
Sea lilies, 384*385 
Sea lion, 401 

Sea serpents, 396, 423*424 

of Cretaceous period, 433 
of Jurassic period, 427-428 
Sea urchins, 384 
Sea walls, 209-210 
Sedimentary iron ore, 225, 242 
Sedimentary rocks, 13, 211-250 
age of, 222-223 
and history of earth, 364-365 
classification of, 224-226 
color of, 223-224 
cross-bedding, 219, 220-221 
deposits, 213-217 
chemical, 224, 225 
clastic, 224 
organic, 225 
lithifaction, 217-218 
mud cracks, 221 
ripple marks, 221, 222, 223 
source of, 212-213 
stratification, 218-220 
transportation, 213 

Sedimentation, and age of earth, 357-358 
Sediments: 

clastic, 214-215 
dissolved, 215-216 
of organic origin, 216-217 
stratification of, 106 
Seed ferns, 380 
Seismpgrarrts, 314 
Seismograph, 314, 468-470 

refraction method, 470 
Seismograph Service, 469 
Seismologists, 346 
Seismology, 313-315 
Seldovic Bay, Alaska, 325 
Semi-anthracite coal, 246 
Seneca, 3 

Series, of rocks, 367 
Shale, 24, 223, 224, 226-228, 328 
friability of, 227 
industrial uses of, 227 
oil, 228 
Sharks, 391 
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Sharpe, C. F. Stewart, 175 

Shear zones, 479-480 

Sheep, 401 

Sheet wash, 86 

Shellfish, 216, 217 

Shelling off, 25 

Shells, in limestone, 235-236 

Ship Rock, New Mexico, 275 

Shore currents, 186 

Shorelines, 189-192 

physiographic age of, 202-205 
Shoshone Cavern, 70 
Siberia, 447 

and Alaska, 373 
fossil ivory in, 368, 369 
Sicily, sulphur in, 241 
Sierra Nevada Mountains, 319, 425. 439 
Signal Hill oil field, California, 335 
Silica, 75, 215 
Siliceous ooze, 198 
Siliceous sinter, 225 
Sillimanite, 330-331 
Sills, 365 

igneous, 272, 273 
Silt, 214, 224 

and history of earth, 363 
Siltstone, 224, 226-228 
colors of, 227 
friability of, 227 
Silurian period, 411-413 

economic products, 412 
life of, 412-413 
Silver ores, 279 
Silver Spring, Florida, 65 
Sinanthropus pekingensis, 444 
Sinks, 71, 166, 167, 168 
Slate, 13, 327, 328, 329 
Sleet, 83 

Slickensides, 303-304 
Slide rock (see Talus) 

Slope, and runoff, 84 
Sloth, great ground, 401. 402 
Slumgullion mud flow, 174-175 
Slumping, 166 
Smith, Paul A., 193 
Smith, P. S., 245 
Snails, 386 
Snake River, 207 

springs near, 65 
Snow, 83 
Soil, 27 

analysis, 470-471 
and runoff, 85 
erosion: 
cause of, 124 
contiol of, 125-129 
effects of, on mankind, 124-1S3 
practices that accelerate, 125 
mature, 27 


Soil (Cont.): 

moisture, 56 
top, 27-28 

utilization of, 27-28 

Soil and Water Conservation in the North¬ 
ern Great Plains, 54 

Soil Conservation Service, 124, 125, 126- 
129 

Solar system, 352 
Solution: 


ground water, 67 
transportation by, 91 
Solution weathering, 25-26 
Soundings, 192 
Source rocks, 248 
South Africa: 


diamond mines in, 277, 364 
Rand gold district, 347 
South America, 415, 421 
volcanoes in, 254 
South Dakota: 

Black Hills, 273 
Jewel Cave, 70 
Wind Cave, 70 
wind erosion in, 53 
Southwest: 


ucsert land torms, 101-102 
mesas and buttes in, 321 
Triassic formations of, 423 
Spanish Peaks, Colorado, 98, 272-273 317 
Spas, 59, 67 

Spence Air Photos, 39, 93, 100, 107, 108, 
716, 117, 118, 122, 148, 162, 167 , 

177, 195, 196, 208, 267, 275, 279 , 
297, 298, 299, 303, 334, 335, 336, 
705, 438, 473, 477 
Sphinx, 381 
Spiders, 388 
Spits, 194-196 
Sponges, 382-383 
Springs, 62-67 

artesian, 62-63 
hot, 64 

mineralized, 66-67 
size of, 65 


warm, 64 
Spurs, 148 
Squid, 387 
Stalactite, 73 
Stalagmite, 75 
Starfish, 384 
Stars, 341 


Stassfurt region, Germany, 216, 240 

Stearns, H. T„ 262 

Stegosaurus, 427 

Steno, Nicholas, 3 

Sterrett, D. B., 278 

Stewart, John Q., 47 

Stock, 272. 273 
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Stone-Age man, 446-447 
Strand lines, 200 
Stratification, 106, 291 

of sedimentary rocks, 218-220 
Stratigrapher, 2 
Streams: 

age of, 113-115 
old, 115 ,116 
classification by, 113-122 
age, 113-115 

changes in level, 119-122 
dissection of land mass, 115*117 
origin, 118-119 

underlying rock structure, 119 
consequent, 118 
development of, 113-115 
intermittent, 85-86 
permanent, 85, 86 
rejuvenated, 120 
subsequent, 118 
trellis pattern, 101 
valley cutting, 86-88 
young, 113, 114 , 115, 117 
Striations, glacial, 153 
Structural geology, 291-292 
Sub-bituminous coal, 246 
Sublimation, 10 
Submarine canyons, 192-193 
Submergence, 202-205 
Subsidence: 

collapse breccia, 168 , 169-170 
definition of, 166 
kettle holes, 168-169 
results of, 167-169 
sinks, 167-168 
Sulphides, 11 
Sulphur, 241-242 

from volcanoes, 266 
Sicilian, 241 
uses of, 242 
Sun, 341-342 
Sundance Sea, 424 
Sunset Crater, 435 
Super-anthracite coal, 246 
Surveys, materials, 472-475 
Suspension, transportation by, 90 
Susquehanna River, 123 
Switzerland, glaciers in, 140 
Syncline, 295, 299 

T 

Taconic disturbance, 411 
Taconic Mountains, 416 
Tallis, 23, 24 , 170 , 171 

accumulation of, 171 
cones, 114 , 171 - 1 
Tdcosts, 391 


Temperature: 

and evaporation, 84 
and rock weathering, 25 
highest obtained, 347 
observations, 346-348 
Tennessee, phosphate rock in, 243 
Terminal moraines, 143, 144, 156 
continental glaciers, 157-158 
valley glaciers, 152 
Termites, 388 
Terraces, 120, 128 
landslide, 178 
wave-built, 194 
Tertiary period, 433-439 
volcanoes, 434-436 
Tests, or shells, of diatoms, 217 
Texas, 205, 421, 432, 467 
Thallophyta, 379 
Thone, Frank, 261, 263 
Thorium, 360 

Thousand Springs, Idaho, 65 

Ticks, 388 

Tidal currents, 186 

Tidal disruption hypothesis, 351, 352-354 
Tides, 184, 186 
Till. 224 

drift, 150 
Tillite, 224 

Tilted rocks, 290, 293-295 

strike and dip, determination of, 
293-294 

Timpanogos Cave, 70 
Tin ore, 277 
Titanic , 164 
Toadstool rocks, 102 
Tombolos, 196 
Tornadoes, 45, 47-50 
Torre, Luis de la, 150 
Transportation of materials, 30 
glacial, 144-145 
oceans, 187-188 
tunning water, 89-91 
sedimentary rocks, 213 
use of rivers for, 133 
Transported mantle, 26, 214 
Traps, oil and gas in, 331-337 
Travertine, 236 

Treasure Mountain, Colorado, 292 
Trees: 

giant scale, 380 
hardwood, 380 

of Pennsylvania period, 417, 418 , 
419 

Trellis drainage pattern, 101, 119 
Trenton dolomite, 411 
Triassic period, 423-424 
life of, 423-424 
Newark group, 423 
of Southwest, 423 
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Triceratops, 433 

Trilobites, 387, 388 

Tri-State district, Missouri, 71-72 

Tufa, 225, 236 

Tunnels, 488-489 

Turtles, 395 

Twain, Mark, quoted, 109-110, 136 
Tyrannosaurus rex, 433 

u 

Ultra-violet lamp, 458 
Unconformities, 306-307, 366, 367 
erosional, 308 

Underground water (see Ground water) 
Undertow, 186 
Uniformitarianism, 2 
Union Pacific Railroad, 21, 66, 105, 149, 
229, 320, 426 

United States Army Engineers, 490 
U. S. Department of Agriculture, Soil 
Conservation Service, 52, 53, 54, 
123-129 

U. S. Department of the Interior, 24, 74, 
94, 95, 114, 120, 142, 146, 147, 
151, 155, 156, 158, 159, 173, 189, 
218, 219, 245, 262, 271, 282, 292, 
294, 301, 305, 325, 328 
U. S. Geological Survey, 458 
Universe, celestial, 341 
University of California, 309 
Uplifts, 316 
Uranium, 360 

oxidized ores, 32-33 

Utah, 70, 88, 104, 105, 122, 207, 227, 229, 
231, 273, 279, 297, 405, 424 


v 

Vadose zone, percolating water, 58 
Valley cutting, 86-88 
Valley glaciers (see Glaciers: valley) 
Valley of Ten Thousand Smokes, 275 
Valleys: 

age of, 113-115 

development of, 92-93, 113-115 
glaciated, 146-150 
hanging, 149-150 
river, drowned, 192,201 
Valley trains, 152-153 
Vancouver Island, 205 
Vanderwilt, J. W„ 292 
Vanport, Oregon, 132 
Vegetation, and runoff, 84-85 
Vein, 280-282 

ground water, 75 
hydrothermal, 279 
Venus Flower Basket, 414 


Vermilion Range, Minnesota, 406, 424 
Vermont, 329, 411 
Vertebrates, 388-389 

air-breathing, 414-415 
characteristics of, 389 
first, 410-411 
Vesicles, 58 

Vestigial structures, and history of earth, 
374-375 

Vesuvius, eruption of, 257-258 
Victoria Falls, Africa, 96 
Vinci, Leonardo da, 3 
Virginia: 

coal in, 246 
natural bridge in, 169 
Vishnu series of rocks, 404 
Voids, 57 

Volcanic ash, 35, 256-257 
and age of earth, 369 
distribution of, 44-45 
Volcanic islands, 254, 266, 267 
Volcanic neck, 274, 275 
Volcanism, 266, 355, 364 
Volcanoes, 251-268, 346 

alternating type of, 263-265 
and man, 267-268 
as mountains, 316-317 
distribution of, 254-255 
eruptive sequence of, 265-266 
explosive, 255-259 
igneous intrusions, 268-283 
mineral deposits from, 266-267 
quiet, 256, 259-263 
Tertiary, 434-436 
Vulcanism, 251-286 

w 

Walcott, Charles, 388 
Wally, Jack, 49 
Warping, 290 
Washington, 161, 162, 163 
glaciers in, 139 

Washington State Progress Commission, 
435 

Waste, disposal of, 134 
Water: 
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